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M a n y  applications in the fields of radar, communications, 
measurements, etc, have been proposed for coherent laser radiation. 
One approach to the design of systems for these applications is the 
utilization of conventional optical components; an alternative ap- 
proach, which is being studied at Wheeler Laboratories, l a  the 
development of new optical components patterned after microwave 
devices. Gi initial step in the design of microwave-analagoud 
components is the development of a single-mode optical c- waveguide 
large enough to permit component fabrication. Single-mode operation 
is required to prevent signal distortion due to modal dispersion. 

and its feasibility has been demonstrated at optical frequencies. 
m A dielectric waveguide for this  purpose has been studied 

w The waveguide dimensions are macroscopic in the 8eme that they are 

\ waveguide may be as large as 100 wavelengths with stringent but 
f visible to the naked eye. It has been shown that a single-mode 

feasible tolerances on dielectric constant and surface quality. 
Single-mode and controlled multimode operation have been correlated 
with theory. In addition, a survey of materials and fabrication 
techniques has been made, One possible approach utilizes chemical 
diffusion techniques to obtain the needed control of dielectric 
constant , 

* 

car 



Report 1209 

Section 

I. Introduction. 

~~ 
~ 

I 

I 

Wheeler Laboratories, Inc. Page 3 

Contents 

Page - 

11. Symbols and Definitions, 
111. Optical Dielectric Waveguide Theory. 
IV, Waveguide Fabrication. 

A. Configurations and Techniques. 
B. Materials. 

V. Experiment a1 Evaluation. 
VI. Conclusions. 
VII. Acknowledgment , 
VIII. References. 
Appendix I. Analysis of Propagation in Dielectric Slab 

Waveguide by Transverse Resonance. 

List of Figures 

Fig. 1 - Macroscopic dielectric waveguide, 
Fig, 2 - Propagation in a dielectric slab waveguide. 
Fig, 3 - Mode chart for dielectric slab waveguide. 
Fig. 4 - Mode chart for circular dielectric waveguide. 
Fig. 5 - Field patterns of TM-0 mode in dielectric slab 

waveguide, 
Fig. 6 - Field patterns of TM-1 mode in dielectric slab 

waveguide . 
Fig. 7 - Transverse f i e l d  distribution in d i e l e c t r i c  

s lab waveguide. 
Fig. 8 - Field pattern of fundamental (HE-11) mode in 

cylindrical dielectric waveguide. 
Fig, 9 - Dispersion properties of dielectric slab 

waveguide , 
Fig,lO - Coupling to waveguide with plane wave, 
Fig,ll - Waveguide field distributions with far-field 

radiation patterns, 

6 
8 
10 
34 
34 
40 
46 

69 

71 
72 
74 

12 
13 
16 
18 
2 0  

21 

22 

2 4  

2 5  

29 

30 

car 



Report 1209 Wheeler Laborator ies ,  Inc.  Page 4 

Contents (cont inued)  

List of Figures  

Fig. 1 2  - R e l a t i v e  mode e x c i t a t i o n  f o r  a given angle of 

Fig, 13 - Coupling t o  waveguide w i t h  focused f i e l d ,  
Fig.  14 - Sketches of experimental waveguide models. 
Fig. 15 - F i r s t  experimental  model of macroscopic o p t i c a l  

Fig, 1 6  - Ref lec tance  of metals as a func t ion  of frequency, 
Fig, 1 7  - Temperature dependance o f  & f o r  a chlorobenzene 

Fig,  18 - Typical v a r i a t i o n  of d i e l e c t r i c  cons t an t  w i t h  

Fig, 19 - D i e l e c t r i c  constant  versus  frequency f o r  

F i g .  2 0  - Experimental model of d i e l e c t r i c - s l a b  waveguide. 
Fig.  2 1  - Technique f o r  aligning g l a s s  plates. 
Fig,  22 - Block diagram of test  range, 
Fig, 23 - Photograph of t e s t  range f o r  measurement of 

a p e r t u r e  d i s t r i b u t i o n ,  
Fig,  24 - Block diagram of source system. 
Fig. 25 - Block diagram of waveguide system. 
F i g ,  26 - Block diagram of de t ec t ion  system. 
Fig. 27 - %de cha r t ,  showing d a t a  f o r  l iqu id-core ,  s o l i d -  

c ladding d i e l e c t r i c - s l a b  waveguide o 
Fig, 28 - Aperture d i s t r i b u t i o n ,  fundamental mode (TE-0) 

i n  l iqu id-core ,  so l id-c ladding  d i e l e c t r i c  -s l a b  
waveguide; 75A spacing. 

Fig. 29 - Aperture d i s t r i b u t i o n ,  fundamental mode (TE-0) 
in l iqu id-core ,  so l id-c ladding  d i e l e c t r i c  -s l a b  

waveguide; 50A spacing, 

l iqu id-core ,  so l id-c ladding  d i e l e c t r i c  -slab 
waveguide; 50A spacing. 

incidence.  

waveguide, 

and glass waveguide. 

frequency . 
b o r o s i l i c a t e  crown g l a s s  i n  the v i s i b l e  band. 

Fig. 30 - Aperture d i s t r i b u t i o n ,  second mode (TE-1) in 

Page 

31 

33 
36 
38 

42 
42 

45 

45 

47 
48 

50 
51 

52 

53 
55 
57 

58 

59 

61 



Report 1209 Wheeler Laboratories, Inc. 

Contents (continued) 

U s t  of Figures 

Fig. 31 - Aperture distribution, combination of first and 
second modes in liquid-core, solid-cladding 
dielectric-slab waveguide; 131h spacing. 

bisected dielectric-slab waveguide; 5 0 A  spacing. 

bisected dielectric-slab waveguide; 50A spacing. 

bisected dielectric-slab waveguide; 50X spacing. 

dielectric-slab waveguide; 50h spacing, 

Fig. 37 - Characteristic p vs. q curves for dielectric-slab 

Fig. 3 2  - Aperture distribution, fundamental TE mode in 

Fig. 33 - Aperture distribution, fundamental TM mode in 

Fig, 34 - Aperture distribution, second TE mode in 

I) Fig. 35 - Aperture distribution, second TM mode in bisected 

I, Fig. 36 - Dielectric slab waveguide and equivalent circuits. 

waveguide. 

Table I - Desired characteristics of experimental and 

Table I1 - General characteristics of various experimental 

Table 111- Expressions for field components in dielectric- 

prototype waveguide models. 

waveguide models. 

slab waveguide. 

Page 5 I 

Page I 
62 

64 

65 

66 

67 

75 
78 

35 

37 

80 

car 



Report 1209 Wheeler Laboratories, Inc. Page 6 

car 

I. Introduction, 

A laser system is generally composed of a laser oscillator 
and a collectlon of conventional optical components, such as lenses, 
prisms, beam splitters, etc. It has been recognized at Wheeler 
Laboratories that there is an alternate approach to the design of 
such systems. This approach is based on the realization that many 
of the proposed laser applications, particularly in the fields of 
communication and tracking, are analagous to currently existing 
microwave systems. This realization suggests the possibility of 
utilizing microwave-type components in the optical frequency range. 
Under the sponsorship of the National Aeronautics and Space Admlnis- 
tration, Wheeler Laboratories is currently studying the feasibility 
of such an approach. This study invalves (1) the development of a 
waveguide medium in which microwave-type components may be fabriaated, 
(2) an evaluation of various component configurations, and (3) the 
fabrication of one o r  more microwave-type components to demonstrate 
the feasibility of this approach. This report covers the first phase 
of the study concerned with the development of the waveguide medium; 
a final report covering the development of components will be pre- 
pared upon completion of this study. 

Microwave components are generally designed within a 
single-mode or controlled multimode medium. This approach has 
definite advantages over the unbounded character of conventional 
optical components. For instance, the power within a single-mode 
medium is constrained to propagate at only one set of angles deter- 
mined by the waveguide dimensions and the frequency of the signal. 
Therefore, variations in the angle of incidence o f  the radiation at 
the input to the system affect only the excitation efficiency and not 
the character of the propagating mode. In an unbounded medium there 
is no such angular restriction and a variation in the angle of in- 
cidence at the system input many result in a variation of the proper- 
ties of each individual component. An additional advantage of single- 
mode operation is that signal distortion caused by modal dispersion 
is prevented. In general, microwave components have well-defined 
phase characteristics. They are also angle insensitive and inherent- 
ly more compact and stable than conventional optical components. 
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In order to duplicate the properties of microwave compon- 
ents the optical waveguide medium should operate in a single-mode 
or controlled multimode condition. It should also be macroscopic in 
size for ease of handling, feasibility of component fabrication and 
high-power capability. Waveguide operation at optical frequencies 
has been demonstrated In dielectric fibers (Refs. 13 and 16). How- 
ever, in all previous single-mode experiments, the dielectric wave- 
guide has had cross-sectional dimensims of a wavelength or less; 
while conventional dielectric fibers with diameters of the order of 
100 wavelengths are known to support many propagating modes. 

dielectric constant embedded in a cladding material with a smaller 
dielectric constant. It may be shown that the maximum cross- 

al to the square root of the difference between the dielectric 
I constants of the core and cladding. This principle has been employed 

Dielectric waveguide consists of a core material of large 

- sectional dimension for single-mode operation is inversely proportion- 

to obtain single-mode operation with cross-sectional dimensions 
exceeding 100 wavelengths. This waveguide exhibits an attenuation 
of several db/meter which makes it suitable for lengths of a few 
centimeters containing several components. The design and fabrica- 
tion of such a waveguide is the topic of this Report. 

waveguide development are outlined herein. Section I11 presents the 
theory of optical dielectric waveguide and pertinent design data. 
Material considerations and fabrication techniques are summarized in 
Section IV. The experimental evaluation Df the waveguide is outlined 
in Section V and results are reviewed in Section VI. The appendix 
contains an illustration of the theory of transverse resonance- a 
commonly used microwave technique which has proved invaluable in 
this study. 

The theoretical and exFerimental steps involved in the 

car 
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recteingular coordinates. 
X, y are transverse dimensions. 
radial dimension of circular waveguide. 
total width of core of slab waveguide. 
diameter of core of circular waveguide. 
diameter of waveguide field, 
total width of waveguide field. 
width of focused incident field at half-amplitude points. 
width of waveguide field at half-amplitude points. 
area of waveguide field. 
height of waveguide in y direction. 
region of integration at waveguide aperture. 
parameter indicative of width of gaussian curve. 
total power received in waveguide. 
total power incident on waveguide. 
amplitude function of field incident on waveguide. 
amplitude f'unction of waveguide field. 
power density of wave incident on waveguide. 
aperture efficiency = ratio of power incident on 
aperture to that received, 
angle of plane wave in waveguide, 
critical angle for total internal reflection. 
angle of incident radiation in air. 
angle of incident radiation in waveguide medium. 
dielectric constant. 
dielectric constant in core. 
dielectric constant in cladding. 
kl - k2 

permittivity of free space. 
wavelength in free space. 
wavelength in waveguide. 
free space propagation constant ( Z T / A ) .  

longitudinal propagation constant ( Z . r r / h  ). 
€3 

transverse propagation constant in core. 
transverse propagation constant in cladding. 
propagation parameter in core ( Kld/2 ) . 

z is direction of propagation; 
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propagation parameter in cladding (IK21d/2). 
impedance, 
transverse wave impedance in core. 
transverse wave impedance in cladding, 
longitudinal wave impedance. 
amplitude factor which determines absolute field strength. 
integer. 
mode number. 
solutions of Jn (pm) = 0. 
density of molecules. 
polarizability. 
charge on electron. 
mass of electron. 
oscillator strength. 
resonant frequency. 
damping term of quantum transition. 
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111. op t i c a l  D i e l e c t r i c  Waveguide Theory. 

The theory of operat ion of d i e l e c t r i c  waveguides i s  well- 
e s t a b l i s h e d  and has received considerable  t reatment  i n  t h e  l i t e r a t u r e .  
Such waveguides have been t r ea t ed  f o r  the  microwave region i n  
R e f s .  11, 14, where t h e  waveguide dimensions are gene ra l ly  of the 
o r d e r  of a wavelength and the r a t i o  of d i e l e c t r i c  cons t an t s  of the  
i n n e r  and o u t e r  regions I s  two or three t o  one, 
guides are u s u a l l y  constrained t o  a single mode of propagat ion,  

D i e l e c t r i c  waveguides s u i t a b l e  f o r  opera t ion  a t  o p t i c a l  
f requencies  have been t r e a t e d  in Refs. 5, 13, 16, 1 7 .  I n  some of 
these cases  the d i f f e r e n c e  i n  r e l a t i v e  d i e l e c t r i c  cons tan ts  (Ak) 
between the inne r  (core)  and o u t e r  (c ladding)  regions i s  l a rge ,  and 
the waveguide size I s  many wavelengths, a s  i s  the case f o r  many 
d i e l e c t r i c  f i be r s  employed in f i b e r  o p t i c s  a p p l i c a t i o n s .  Therefore, 
these guides  a r e  highly multimode and the  c h a r a c t e r i s t i c s  can 

These microwave 

gene ra l ly  be determined by a geometric o p t i c s  a n a l y s i s  ( R e f .  13). I n  
o t h e r  cases,  the Ak has been reduced t o  about 0.01 by using 8 g l a s s  
c ladding wi th  d i e l e c t r i c  constant  c l o s e  t o  t h a t  of the g l a s s  core.  
However, even though the Ak is small, t hese  waveguides s t i l l  opera te  
multimode unless the  guide s i z e  i s  reduced t o  about one wavelength 
(Ref. 1 6 ) .  

s i o n s  large w i t h  r e s p e c t  t o  the  wavelength, but  opera tes  wi th  a very 
small Ak (0.0001). 
s t r a i n e d  t o  operate  i n  only a s i n g l e  mode o r  a f e w  con t ro l l ed  low 
o r d e r  modes, t hus  combining the advantages of l a r g e  s i z e  wi th  s i n g l e  
mode propaga t l o n .  

d i e l e c t r i c  waveguide modes a r e  discussed and a few of t h e  s t r u c t u r e s  
capable of propagating such modes a t  o p t i c a l  f requencies  a r e  
ind ica t ed .  Then the condi t ions f o r  ob ta in ing  s i n g l e  mode propagation 
wi th  s t r u c t u r e s  having l a r g e  (macroscopic) dimensions are  ind ica t ed .  
Various propagation c h a r a c t e r i s t i c s  of' t h i s  "macroscopic" s i n g l e  mode 
guide a r e  presented and f i n a l l y  the  e x c i t a t i o n  and r a d i a t i o n  
p r o p e r t i e s  of  the guide a r e  discussed.  

The o p t i c a l  waveguide d iscussed  i n  t h i s  r e p o r t  has dimen- 

Under these condi t ions  t h e  guide can be con- 

I n  the f i r s t  p a r t  of t h i s  S e c t i o n  the  p r o p e r t i e s  of 
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I n  the more f a m i l i a r  case of metal  waveguides, such a s  those 
used a t  microwave frequencies ,  the wave i s  guided along t h e  s t r u c t u r e  
by mul t ip l e  r e f l e c t i o n s  a t  the  metal  boundaries. For d i e l e c t r i c  
guides ,  the  wave may a l s o  be guided by mul t ip l e  r e f l e c t i o n s  from the  
d i e l e c t r i c  i n t e r f a c e s  by the p r o c e s s  of t o t a l  i n t e r n a l  r e f l e c t i o n .  
The p a r t i c u l a r  conf igura t ion  of the  guide may take on many forms; 
t h e  primary requirement i s  t h a t  the d i e l e c t r i c  constant  of the  inne r  
medium (core)  be greater than the ou te r  medium (cladding) ,  s o  t h a t  
t o t a l  i n t e r n a l  r e f l e c t i o n  may occur. Two common conf igura t ions  of 
d i e l e c t r i c  waveguides a r e  shown I n  Fig. 1. The s l a b  conf igura t ion  
(Fig.  l ( a ) )  i s  an unbounded s t r u c t u r e  on two s i d e s  and hence i s  
l i m i t e d  t o  controlled-mode propagation i n  only one t r ansve r se  
d i r e c t i o n .  However i t  i s  v e r y  u se fu l  experimental ly  because of i t s  
s i m p l i c i t y ,  both of analysis and of cons t ruc t ion ,  The d i e l e c t r i c  rod 
waveguide shown i n  Fig.  l ( b )  is l i m i t e d  t o  con t ro l l ed  mode propagation 
i n  both t r ansve r se  planes and hence can be t r u e  s ing le  mode. 

be obtained by consider ing rays  r e f l e c t i n g  back and f o r t h  a long the  
guide,  a s  i l l u s t r a t e d  i n  Fig. 2, f o r  t h e  s l a b  conf igura t ion .  The 
propagat ing modes correspond t o  rays  which a r e  t o t a l l y  r e f l e c t e d  a t  
t h e  d i e l e c t r i c  i n t e r f a c e s  and the re fo re  t r a v e l  down t h e  guide  without 
l o s s ,  a s  i n  Fig. Z ( a ) .  Only c e r t a i n  d i s c r e t e  angles  of propagation 
a r e  permitted,  corresponding t o  angles  which s a t i s f y  a l l  t he  f i e l d  

cond i t ions  a t  the boundaries o f  the s t r u c t u r e .  "he waveguide param- 
e t e r s  can be chosen so  t h a t  only  one such angle  w i l l  propagate; t h i s  
i s  a s i n g l e  (fundamental) mode guide.  I n  a s i n g l e  mode t ransmission 
medium, energy may propagate with only one s t a b l e  f i e l d  conf igura t ion .  
T h i s  means the f i e l d  p a t t e r n s  i n  any c ross - sec t iona l  plane of the  
t ransmission l i n e  a r e  i d e n t i c a l  i n  shape. I n  guides  capable of 
suppor t ing  a few modes, t h e r e  a r e  a few d i f f e r e n t  f i e l d  conf igu ra t ions  
which a l s o  may s a t i s f y  the  condi t ions f o r  propagation. 

correspond t o  rays  which a r e  i n c i d e n t  on the d i e l e c t r i c  i n t e r f a c e s  
a t  a n  ang le  of incidence less than the c r i t i c a l  angle  and hence a r e  
n o t  t o t a l l y  r e f l e c t e d .  I n  t h i s  case, i l l u s t r a t e d  i n  Fig. 2 (b ) ,  the  
energy t r a v e l i n g  down the guide i s  s t rong ly  a t t e n u a t e d  because power 
i s  l o s t  a t  each r e f l e c t i o n .  The angles  of propagation permit ted i n  

A simple concept of propagation along these s t r u c t u r e s  can 

There i s  another  c l a s s  of modes c a l l e d  "leaky" modes which 

myb 
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CORE, 

CLADDING 

(a )  D i e l e c t r i c  slab waveguide.  

CIADDING 

(b) D i e l e c t r i c  rod  wavzguI.de. 

Fig 1 - Macroscopic d i e l e c t r i c :  waveguide. 
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i’ropagating TM mode. 

(b) “Leaky” TPI mode (not propagat ing) .  
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Fig. 2 - Propagation In a dielectric slab waveguide. 
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the waveguide are d i s c r e t e  fo r  the leaky waves a l so ;  however, i t  i s  
n o t  poss ib l e  t o  limit the number of leaky modes f o r  a given s i z e  
s t r u c t u r e  . 

A more r igorous  and complete a n a l y s i s  of propagation i n  
d i e l e c t r i c  waveguides i s  required t o  ob ta in  the detai led propagation 
c h a r a c t e r i s t i c s .  These analyses  have been presented i n  the l i t e r a t u r e  
i n  gene ra l  terms using both f i e l d  matching techniques (Ref. 5 )  and 
waveguide techniques (Ref. 1 4 ) .  In  order  t o  ga in  f u r t h e r  i n s i g h t  Into 
the c h a r a c t e r i s t i c s  of these  waveguides,a complete a n a l y s i s  has been 
performed i n  the  present  study, using the  t ransmission l i n e  approach 
known a s  " t ransverse  resonance". The t r ansve r se  resonance a n a l y s i s  
(Ref. 6 )  seeks resonant  condi t ions i n  the t r ansve r se  plane as  a 
c r i t e r i o n  f o r  propagation i n  the  long i tud ina l  d i r e c t i o n .  From t h i s  
a n a l y s i s ,  the propagation constants ,  f i e l d  d i s t r i b u t i o n s ,  e t c . ,  can 
be determined. 
Appendix I, which p resen t s  a complete a n a l y s i s  f o r  the slab configura- 

The b a s i c  d e t a i l s  of t h e  a n a l y s i s  a r e  given i n  

t i on ;  the s i g n i f i c a n t  r e s u l t s  a r e  given i n  the remaining p a r t s  of t h i s  
Sect ion.  

A s  shown i n  the Appendix, the  p r o p e r t i e s  of' any d i e l e c t r i c  
waveguide can be determined from two pairs  of c h a r a c t e r i s t i c  
equat ions .  Each p a i r  of equat ions corresponds t o  the t r ansve r se  
e l e c t r i c  (TE) and t r ansve r se  magnetic (TM) modes. The "4 and TE modes 
a r e  orthogonal,  s ince  they a r e  l i n e a r l y  polar ized  i n  m u t u a l l y  
perpendicular  d i r e c t i o n s .  I n  the s p e c i a l  case of waveguides w i t h  very 
small d i f f e r e n c e s  i n  d i e l e c t r i c  cons tan ts  between the  core and clad- 
d ing ,  t he  propagation c h a r a c t e r i s t i c s  a r e  degenerate  and apply 
equa l ly  w e l l  t o  TE and TM modes, s o  t h a t  only one pa i r  of equat ions 
need be spec i f i ed .  The two c h a r a c t e r i s t i c  equat ions f o r  t he  slab 
waveguide with small Ak are: 

p t a n ( p  - = q 

and 
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where p and q are parameters r e l a t e d  t o  the  t r ansve r se  propagation 
c o n s t a n t s  i n  the core and cladding reg ions  r e spec t ive ly ,  KO i s  the  
free space propagation cons tan t  ( 2 7 r b ) ,  d i s  the  core width and kl and 
k2 a r e  the d i e l e c t r i c  ccns t an t s  of the core and cladding r e spec t ive ly .  
These symbols a r e  a l s o  def ined i n  Sec t ion  11. 
waveguide propagation correspond t o  values  of p and q which simultan- 
eous ly  s a t i s f y  the above equations.  Since equat ion (1) i s  transcen- 
d e n t a l ,  the s o l u t i o n s  a r e  obtained by g raph ica l  techniques.  The two 
equat ions  a r e  p l o t t e d  on p vs.  q coord ina tes  i n  Appendix I; s o l u t i o n s  

of the two equat ions occur where the two curves i n t e r s e c t .  
The condi t ion  for the  waveguide t o  support  propagation I n  a 

p a r t i c u l a r  mode can therefore  be r e a d i l y  determined from these 
c h a r a c t e r i s t i c  curves.  I n  order for a 151-m o r  TE-m mode t o  propagate, 
the fol lowing condi t ion  must be sat isf ied:  

The condi t ions  f o r  

where m = 0, 1, 2, ... and Ak = kl - k2. 
modes of order  m or lower will propagate. 
t h e  modes of order  m and higher  are  leaky. 
d e f i n e s  a waveguide cu to f f  condi t ion,  where cu to f f  is defined a s  the  
t r a n s i t i o n  po in t  between propagating and leaky ( o r  c u t o f f )  modes. 
A convenient method of represent ing  these r e l a t i o n s h i p s  i s  by means of 
a mode c h a r t  (Ref. 1 9 ) .  This c h a r t ,  shown i n  Fig. 3 has Ak p l o t t e d  
vs .  dfi. 

g r a p h i c a l l y  r ep resen t  equation ( 3 ) .  These contours  form the cu to f f  
l i n e s  of the ind iv idua l  modes. A p a r t i c u l a r  se t  of waveguide 
parameters (Ak and d /h)  def ine  an opera t ing  po in t  on t h e  c h a r t .  
an  ope ra t ing  poin t  t o  the  r i g h t  of a given mode l ine  m, a l l  of the TM 
and TE modes of o rde r  m and lower will propagate. I f  the ope ra t ing  
p o i n t  i s  t o  the  l e f t  of a given mode l i n e  m, the  modes of order  m o r  

For the  above condi t ion,  a l l  
If (d/A)mis les s  than m/Z 

This equat ion the re fo re  

On these  coordinates  a r e  drawn constant-m contours  which 

For 

g r e a t e r  a r e  leaky. 

one more than the mode number of the h ighes t  propagating mode, s i n c e  
rn = 0 i s  the f i r s t  mode. For the  above condi t ion  t h e r e  a r e  a c t u a l l y  
2(m + 1) propagating modes, s ince  t h e r e  a r e  both  "4 and TE modes for 
each m. However, s ince  these have i d e n t i c a l  propagation 

The number of propagating TM o r  TE modes i n  a given guide i s  

myb 
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c h a r a c t e r i s t i c s  and s ince  one o r  the o t h e r  can be se l ec t ed  by choosing 
the appropr i a t e  po la r i za t ion ,  the number of modes w i l l  be considered 
a s  m + 1 r a t h e r  than 2 ( m  +l). 
waveguide were observed, the maximum number of l i n e s  (corresponding t o  
peaks of the f i e l d  p a t t e r n )  which would be seen i s  a l s o  equal t o  
m + 1. T h i s  f a c t  is discussed f u r t h e r  i n  connection with the experi- 
mental  work presented i n  Sect ion V. 

I n  order  t o  cons t ruc t  a s i n g l e  mode guide, the parameters 
m u s t  be chosen so  t h a t  operat ion i s  r e s t r i c t e d  t o  the  reg ion  t o  the  
l e f t  of t h e  m = 1 l i n e ;  t h i s  i s  the  region marked TM-0, TE-0 on the 
c h a r t .  Such a guide  i s  c a l l e d  s i n g l e  mode because al though i t  
suppor ts  both the  'I'M-0 and TE-0 modes, these modes a r e  degenerate for 
s m a l l  hk a s  mentioned previously.  Also, Since the  modes a r e  
or thogonal ly  polar ized ,  one o r  the o t h e r  can be s e l e c t i v e l y  exc i t ed  by 
choosing the  appropr i a t e  po la r i za t ion .  

above have been der ived f o r  d i e l e c t r i c  waveguide of t h e  s l a b  configura- 
t i on .  A s i m i l a r  se t  of equat ions can be der ived f o r  the  case of a 
c i r c u l a r  geometry. Although the d e t a i l s  of the a n a l y s i s  d i f f e r ,  t he  
gene ra l  approach i s  i d e n t i c a l  t o  the s l a b  conf igura t ion  and s o  i s  n o t  
presented i n  t h i s  &por t .  The c h a r a c t e r i s t i c s  of c i r c u l a r  waveguides 
have been t r e a t e d  i n  Refs. 5, 15, 17 ,  and only the r e s u l t s  a r e  
presented here. 

A s e t  of c h a r a c t e r i s t i c  equat ions  s i m i l a r  t o  equat ions  (1) 
and ( 2 )  can be obtained f o r  t h e  c i r c u l a r  guide and p l o t t e d  on p vs. q 
coord ina tes  a s  before .  The corresponding mode cu to f f  r e l a t i o n  for the  
s p e c i a l  case of small Ak i s  

I f  the ape r tu re  f i e l d  p a t t e r n  i n  the  

The c h a r a c t e r i s t i c  equat ions and mode c h a r t  presented 

The parameter, gm, i s  a number obtained from the roots of the  Bessel 
func t ion  ( R e f .  1 7 )  whose value depends on t h e  p a r t i c u l a r  mode. (The 
mode n o t a t i o n  follows t h a t  i n  t h i s  Reference.) 
va lues  of  b, f o r  s eve ra l  low order  modes is given on the  mode c h a r t  
f o r  the  c i r c u l a r  d i e l e c t r i c  waveguides shown i n  Fig.  4. This c h a r t  I s  
analogous t o  the mode c h a r t  for s l a b  waveguide (Pig. 3 ) ;  a s  i n  the 
case  of the s l a b  configurat ion,  the lowest o rde r  mode (HE-11) has no 

A l i s t i n g  of t he  

myb low frequency c u t o f f .  
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NOTE: Mode n o t a t i o n  as In R e f .  17. 
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The d i s t r i b u t i o n  of  the e l e c t r i c  and magnetic f i e l d s  within 
t h e  waveguide, and the  d i r e c t i o n s  of the  f i e l d  l i n e s  has  been de te r -  
mined f o r  the  s l a b  guide, from the  a n a l y s i s  in Appendix I. 

The d i r e c t i o n s  of the f i e l d  l i n e s  of t he  TM-0 mode i n  slab 
waveguide a r e  shown i n  Fig.  5(a); a ske tch  of t he  amplitude d i s t r i b u -  
t i o n  of t he  t r ansve r se  f i e l d s  is shown i n  Fig. 5(b ) .  
of t h e  TM-1 mode a r e  shown i n  Fig. 6. The p a t t e r n s  of the cor res -  
ponding t r ansve r se  e l e c t r i c  (TE) modes may be obtained by interchang- 
i n g  the e l e c t r i c  and magnetic f i e l d  l i n e s  i n  these  f i g u r e s .  It can 
be seen t h a t  t h e  f i e l d s  extend a c r o s s  the  d i e l e c t r i c  i n t e r f a c e  i n t o  
t h e  cladding region s o  t h a t  energy propagates i n  both the  core and 
c ladding  regions.  This r e s u l t  i s  not  apparent  from the  simple 
a n a l y s i s  w i th  r e f l e c t i n g  r ays  mentioned e a r l i e r .  Figs .  5 and 6 a r e  
intended t o  g ive  a q u a l i t a t i v e  d e s c r i p t i o n  of the  f i e l d s ,  app l i cab le  
t o  most opera t ing  condi t ions,  r a t h e r  than an accu ra t e  q u a n t i t a t i v e  
p i c t u r e  f o r  a p a r t i c u l a r  operat ing p o h t .  

t r ansve r se  f i e l d s  of the  two lowest arder modes of propagation i s  
shown i n  Fig.  7, f o r  a few d i f f e r e n t  opera t ing  condi t ions.  I n  a l l  
cases ,  the  f i e l d  d i s t r i b u t i o n s  vary s i n u s o i d a l l y  i n  the  core region 
and exponent ia l ly  i n  the  cladding. The amplitude of the  f i e l d s  a t  t h e  
edge of the  core  depends on the opera t ing  condi t ions ;  the  f i e l d  
s t r e n g t h  a t  t h e  edge inc reases  a s  t he  mode becomes c l o s e r  t o  c u t o f f .  
A t  t h e  cu tof f  condi t ion,  t he  f i e l d s  extend i n d e f i n i t e l y  i n t o  the  
cladding; consequently such a mode would r equ i r e  i n f i n i t e  energy t o  
e x c i t e  and is no t  u se fu l .  A t y p i c a l  opera t ing  po in t  has been chosen 
a s  a condi t ion  where only t h e  desired number of modes may propagate, 
and t h e  h ighes t  mode i s  about 10 percent  away from cu to f f  of  the  next  
h ighe r  mode on the  p vs. q curves.  The g raph ica l  determinat ion of t h e  
ope ra t ing  p o i n t s  a r e  shown I n  Appendix I and ind ica t ed  on the  p l o t s  I n  
Fig. 7. 

F i e l d  p a t t e r n s  

A more accura te  q u a n t i t a t i v e  p l o t  of the  d i s t r i b u t i o n  of t h e  

It can be seen  from t h e  f i e l d  p a t t e r n s  of Fig. 5 f o r  
t h e  TM-0 mode, t h a t  t h e  e l e c t r i c  f i e l d  d i r e c t i o n  i s  normal t o  t h e  
waveguide surfaces a t  a p lane  through t h e  c e n t e r  of the guide. 
Consequently a metal b i s e c t i n g  w a l l  could be p laced  a t  t h i s  p lane  
without a f f e c t i n g  propagation. S imi l a r ly ,  f o r  t h e  TE-0 mode, a 
magnetic b i s e c t i n g  wall (open c i r c u i t )  could be p laced  i n  the 

vmg 
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( a )  Direct ions of f i e l d  l i n e s .  

(b) Amplitude d i s t r i b u t i o n  of' t r ansve r se  f i e l d .  

Fig.  5 - F i e l d  patterns of TM-0 mode i n  d i e l e c t r i c  s lab waveguide. 
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E-FIELD - 
H-FIELD ---- 

CORE CLADDING 

( a )  Direct ions o f  f i e l d  l i n e s .  

x 

(b) Amplitude d i s t r i b u t i o n  of t r ansve r se  f i e l d s .  

Fig. 6 - F i e l d  p a t t e r n s  of TM-1 mode i n  d i e l e c t r i c  slab wdveguide. 
m g  
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RELATIVE FIELD 
AMPLITUDE FUNDAMENTAL MODE OPERATING POI 

(BEIQW SECOND MODE CUTOFF) 
p = 0.88, q = 1.08 

AT SECOND MODE CUTOFF 
p = 0.94, q = 1.26 

AT SECOND MODE OPERATING POINT 
p = 1.16, q = 2.66 

TRANSVERSE DISTANCE, x 

(a) h n d a m e n t a l  mode (TM-0 o r  TE-0). 

AT SECOND MODE CUTOFF 
p = 1.57, g = 0 

SECOND MODE OPERATING POIN" 
p 2.26, q 1.82 

d 3d/2 2d  0 

(b) Second mode (TM-1 o r  TE-1). 

m 

F i g .  7 - T r a n s v e r s e  f i e l d  d i s t r i b u t i o n  i n  d i e l e c t r i c  slab. 
vmg 
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c e n t e r  of the  guide without a f f e c t i n g  propagation. 
the Appendix that  a metal  b i sec t ed  waveguide propagates half of a l l  
t h e  p o s s i b l e  modes of a f u l l  width guide, and a magnetic b i s e c t e d  
waveguide propagates the o the r  ha l f ,  

can be  c a l c u l a t e d  i n  a similar manner as f o r  the slab ( R e f .  5, 15). 
I n  t h i s  case,  the f ie lds  i n  the  co re  reg ion  are given by Bessel 
func t ions  and i n  the cladding by Hankel func t ions .  A ske tch  of the 
f i e l d  l i n e s  of the fundamental (HE-11) mode i n  c y l i n d r i c a l  guide is 
shown i n  Fig. 8 ( a ) ,  The f i e l d  l i n e s  i n  the cladding have not been 
shown s ince  t h i s  s i m p l i f i e s  the p i c t u r e ,  and a s  a p r a c t i c a l  mat ter ,  
t h e  f i e l d  i n t e n s i t y  i s  very low i n  the cladding f o r  most opera t ing  
condi t ions .  It can be seen t h a t  t he  f i e l d  l i n e s  i n  the  core a r e  
p a r a l l e l ,  and hence t h i s  mode i s  l i n e a r l y  polar ized .  
h igher  order  modes a r e  n o t  s o  s imply  polar ized  and hence n o t  a s  
adaptab le  t o  simple e x c i t a t i o n  techniques.  

The d i s t r i b u t i o n  of the t ransverse  f i e l d s  i n  t he  c y l i n d r i c a l  
guide i s  shown i n  Fig. 8 ( b ) .  
opera t ing  about lo$ below the  cu to f f  of the  second mode. 

Another important p r o p e r t y  of any waveguide is the v a r i a t i o n  
of the propagation constant  wi th  frequency. T h i s  property,  commonly 
c a l l e d  d i spe r s ion  i s  ca lcu la ted  f o r  t he  s l a b  waveguide i n  Appendix I. 
A convenient method f o r  present ing  the  d i spe r s ion  p r o p e r t i e s  o f  t h i s  
type of waveguide i s  t o  p l o t  normalized guide wavelength ( A b  ) vs .  
waveguide s i z e  normalized t o  f r ee  space wavelength ( d h ) .  
t h e  d i s p e r s i o n  p r o p e r t i e s  o f  the f irst  and second modes I s  given i n  
Fig.  9, f o r  t h ree  d i f f e r e n t  opera t ing  condi t ions .  From t hese  curves, 
t he  d i f f e r e n c e  I n  guide wavelength between modes can be determined f o r  
any waveguide opera t ing  with a given hk, guide s i z e  and frequency. It 
i s  i n t e r e s t i n g  t o  note the l i m i t s  of the  g u i d e  wavelength f o r  t h i s  
type of waveguide. 
l eng th  approaches the  wavelength of an unguided plane wave i n  the core  
reg ion  (A/&); when opera t ing  near  c u t o f f ,  the guide wavelength 
approaches t ha t  of a plane wave i n  the  cladding (A/&). 

f o r  t he  waveguide under cons idera t ion ,  where the d i f f e r e n c e  i n  d i e l ec -  
t r i c  cons t an t s  between core and cladding is very small, the  maximum 
d i s p e r s i o n  between modes is a l s o  very small. 

It i s  shown i n  

The f i e l d  d i s t r i b u t i o n  i n  c y l i n d r i c a l  d i e l e c t r i c  waveguide 

Most of the  

This p a t t e r n  i s  f o r  the HE-11 mode, 

g 
A p l o t  of 

When operat ing f a r  from cu to f f ,  t he  guide wave- 

Therefore 

The d i s p e r s i o n  is 

, vmg 
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( a )  Direc t ions  of f i e l d  lines. 

RELATIVE FIELD AMPLITUDE 

~~ 

Page 2 4  

- D/2 0 D/2 
RADIAL DISTANCE, r 

(b ) F i e l d  amplitude ( a t  fundamental mode ope ra t ing  po in t  ) 

Fig. 3 - Fie ld  p a t t e r n  of fundmen ta l  (HE-11) node i n  c y l i n d r i c a l  
d i e l e c t r i c  waveguide. 
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( b )  Ak = lY4;  4 ~ 1 0 - ~ .  

Fig, 9 - Dispersion p r o p e r t i e s  of d l e l e c t r i c  s l a b  waveguide. 
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s u f f i c i e n t l y  large t o  p e r m i t  cons t ruc t ion  of d i r e c t i o n a l  couplers  
which r e l y  on d i spe r s ion  between modes however, and i n  f a c t  corres-  
ponds t o  coupling reg ions  which a r e  of convenient (macroscopic) s i z e  
(about  1/2 inch) .  

have assumed l o s s l e s s  media f o r  both the d i e l e c t r i c  m a t e r i a l s  and the  
meta l  b i s e c t i n g  wal l s  ( i n  t h e  case of b i sec t ed  waveguide). Under 
these condi t ions,  t h e r e  1s zero a t t e n u a t i o n  f o r  the propagating modes; 
t h e  leaky modes are  of course h ighly  a t t enua ted  In the d i r e c t i o n  of 
propagation. 

The e f f e c t s  of lossy propagation media on propagation have 
been inves t iga t ed  b r i e f l y .  For a waveguide composed of d i e l e c t r i c  
m a t e r i a l s  only (core  and cladding) the waveguide a t t e n u a t i o n  i s  very 
n e a r l y  equal t o  the  a t t e n u a t i o n  of an  unguided plane wave through the 
same medium. I f  the l o s s e s  of the core and cladding reg ions  d i f f e r ,  
the r e s u l t a n t  a t t e n u a t i o n  of the waveguide is  equal  t o  the  sum of the 
unguided a t t e n u a t i o n  i n  each medium mul t ip l i ed  by t he  percentage of 
the t o t a l  power i n  the  r e spec t ive  reg ion  ( R e f .  8 ) .  For normal opera- 
t i o n ,  most of the power i s  concentrated i n  the  c o r e  reg ion  and so i f  
the  lasses of the two regions are  of the same magnitude, the a t tenua-  
t i o n  i s  determined almost e n t i r e l y  by the l o s s  of the  core  medium. 
Data on t y p i c a l  values  of loss f o r  some of the m a t e r i a l s  being con- 
sidered f o r  waveguide cons t ruc t ion  are given In the next  S e c t i o n  on 
m a t e r i a l s  and f ab r i ca t ion .  The a t t e n u a t i o n  of the experimental  wave- 
guide p r e s e n t l y  being tested is about 3 db p e r  meter. 

caused by the loss of the d i e l e c t r i c  medium and the bisecting w a l l ,  
The loss caused b y  the d i e l e c t r i c  medium i s  the same as f o r  the 
ord inary  waveguide d iscussed  above. The loss caused by the b i s e c t i n g  
wal l  i s  more complex because i t  may not  o n l y  in t roduce  a t t enua t ion ,  
bu t  can  also affect the phase of the propagat ion cons tan t .  

All t he  previous c a l c u l a t i o n s  of propagation c h a r a c t e r i s t i c s  

The a t t e n u a t i o n  of a b i s e c t e d  waveguide conf igu ra t ion  i s  

A simple a n a l y s i s  of the a f f e c t  of t he  lossy wall  can be 
performed i f  i t  is assumed t h a t  the  l o s s  c o n t r i b u t e s  only a small 
p e r t u r b a t i o n  on the  real  propagation cons tan t .  The d i s t r i b u t i o n  of 
the f i e l d s  i n  the  b i sec t ed  waveguide is then i d e n t i c a l  t o  the 
d i s t r i b u t i o n  i n  one h a l f  of a normal  guide ope ra t ing  i n  the  same mode. 
A simple method of c a l c u l a t i n g  the lo s s  then, i s  t o  cons ider  t he  wave- 

-_ 
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guide propagation a s  comprising two plane waves r e f l e c t i n g  back and 
f o r t h  down t h e  guide,  The r e f l ec t ance  of the metal  wal l  i s  l e s s  than 
lo@ however, and s o  some power i s  absorbed a t  each r e f l e c t i o n .  The 
a t t e n u a t i o n  I s  t he re fo re  equal t o  the  number of r e f l e c t i o n s  per  unit 
l e n g t h  mul t ip l i ed  by the  power l o s t  a t  each r e f l e c t i o n .  The r e f l e c -  
tance,  and hence the  a t t enua t ion ,  is d i f f e r e n t  f o r  t he  two po la r i za -  
t i o n s ,  and v a r i e s  a s  a funct ion of the  angle  of' incidence.  Therefore,  
t he  a t t e n u a t i o n  of t he  TM and TE sets of modes should be d i f f e r e n t .  
This  s impl i f i ed  approach t o  the a t t e n u a t i o n  of the  b i sec t ed  guide 
p r e d i c t s  small a t t e n u a t i o n  f o r  t he  TE modes and very l a r g e  a t t e n u a t i o n  
f o r  t he  TM modes, a t  normal operat ing condi t ions .  

c h a r a c t e r i s t i c s  of a waveguide with a lossy-metal  b i s e c t i n g  wall 
i n d i c a t e s  t h a t  the  propagation cons tan t  i s  a f f e c t e d  s t rong ly  by the  
wal l  and so t h e  simple a n a l y s i s  presented above i s  n o t  adequate.  The 
e s s e n t i a l  d i f f e r e n c e  between the behavior of a p e r f e c t l y  conducting 

However, a more d e t a i l e d  a n a l y s i s  of the  propagation 

metal  and a f i n i t e  conducting metal occurs a t  angles  of iricidence near  
graz ing  ( a s  i s  the case f o r  the waveguide being considered) .  Here 
t h e  l o s s y  m e t a l  a c t s  a s  a lossy d i e l e c t r i c ,  and consequently e x h i b i t s  
a Brewster angle  e f f e c t ,  which changes t h e  phase of the  r e f l e c t e d  
wave, r e l a t i v e  t o  t h a t  obtained with a p e r f e c t  metal .  The phase of 
t he  r e f l e c t e d  wave i s  therefore  the  same f o r  bo th  p o l a r i z a t i o n s ,  and 
a s  a r e s u l t  both TM and TE modes propagate i n  an almost i d e n t i c a l  
manner. This phenomenon will be inves t iga t ed  f u r t h e r  i n  t h i s  job ;  
however, prel iminary experimental r e s u l t s ,  presented i n  Sec t ion  V, 
i n d i c a t e  t h a t  t h e  propagation c h a r a c t e r i s t i c s  of both TlvI and TE modes 
a r e  i d e n t i c a l ,  a s  t h i s  theory p r e d i c t s .  

concerns the coupling of o p t i c a l  power from some e x t e r n a l  source t o  
t h e  opera t ing  mode of t he  waveguide. The e x c i t a t i o n  c h a r a c t e r i s t i c s  
of  i n t e r e s t  a r e  the  e f f i c i e n c y  of e x c i t a t i o n ,  the  r e l a t i v e  coupling 
f o r  each mode of opera t ion ,  and the  dependence of coupling on angle 
of incidence.  Usually, t h e  ex te rna l  source i s  e i t h e r  f a r  removed so  
t h a t  t h e r e  I s  a uniform plane wave i n c i d e n t  on t h e  ape r tu re ,  o r  t h e  
source i s  nearby s o  t h a t  t h e r e  may be a sharp ly  focused f i e l d  on t h e  
a p e r t u r e .  The d e f i n i t i o n  of  e f f i c i e n c y  depends on which case i s  being 
considered. 

The problem of e x c i t i n g  t h e  waveguide, t r e a t e d  here, 

mYb 
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For the case of plane waves inc iden t  on a waveguide 
a p e r t u r e ,  i t  i s  convenient t o  f irst  s e l e c t  a n  ape r tu re  a r e a  and then 
cons ide r  the amount of power i n c i d e n t  on t h a t  area. This power i s  
equal  t o  the power dens i ty ,  i n  wa t t s  pe r  u n i t  a rea ,  mu l t ip l i ed  by the 
area. To determine the coupling of the  i n c i d e n t  power t o  the 
a p e r t u r e ,  an e f f i c i e n c y  f a c t o r  i s  def ined,  which Is the  r a t i o  of the 
power coupled ( o r  rece ived)  t o  the power i nc iden t  wi th in  the a p e r t u r e  
a r e a .  Therefore, the power received i s  (assuming impedance matching): 

where p = i n c i d e n t  power dens i ty  (wat ts /uni t  a r e a ) ,  A = a p e r t u r e  a r e a  
and ?\a J a p e r t u r e  e f f i c i ency .  The a p e r t u r e  area i s  def ined so  as t o  
inc lude  the  f i e lds  developed by the mode under cons idera t ion  as  shown 
i n  Fig. 10, The a p e r t u r e  e f f i c i e n c y  he re in  def ined  i s  c a l l e d  the 
"gain f a c t o r "  i n  microwave antenna theory (Refs, 3, 18). The a p e r t u r e  
e f f i c i e n c y  shown i n  Fig.  10 f o r  the s l a b  Waveguide i s  f o r  a un i t  
he igh t ,  so the area of the ape r tu re  must be mul t ip l i ed  by the  height 
o f  the guide under considerat ion.  

computed from antenna p a t t e r n  theory.  I n  Fig. 11 are shown the 
normalized a p e r t u r e  d i s t r i b u t i o n s  (waveguide f i e l d  d i s t r i b u t i o n )  and 
the corresponding r a d i a t i o n  p a t t e r n s  f o r  s e v e r a l  low order  modes, 
which could be developed i n  rec tangular  metal  waveguide (Refs. 3, 7 ) .  
It should be noted that the  p a r t i c u l a r  d i s t r i b u t i o n s  a l s o  apply t o  
the  d i e l e c t r i c  s l a b  waveguides when a l l  the modes a re  "far from 
c u t o f f " ,  This means that the guide w i l l  support  a d d i t i o n a l  higher 
modes bes ides  those shown. It I s  observed that the h igher  modes have 
peak responses a t  angles f a r  from the waveguide axis,  and that these 
modes a r e  the re fo re  exc i ted  s t ronges t  by i n c i d e n t  f i e l d s  from o f f -  
a x i s  d i r e c t i o n s .  The r e l a t i v e  e x c i t a t i o n  of each of these modes i s  
i l l u s t r a t e d  i n  Fig. 1 2 .  I n  t h i s  case the  a p e r t u r e  w i d t h  i s  the core 
width ( f i e l d  amplitudes a r e  very small  i n  the  c ladding) .  
amplitudes shown a r e  the  ape r tu re  e f f i c i e n c i e s ,  expressed a s  a 
vo l t age  r a t i o  (G). 
w i l l  e x c i t e  the first,  second and t h i r d  modes i n  the vol tage  r a t i o  
0.24, 0.74, 0.51 re spec t ive ly .  

The e f f e c t  of angle  of incidence on the  coupling may a l s o  be 

The peak 

A plane wave I n c i d e n t  a t  the  angle  cp, a s  shown 
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I INCIDENT 
I 

I 
4 PLANE WAVE 

I I 

I 1 i" 
I I I WAVEGUIDE F I E L D  y-q FOR FIRST MODE 

D I S T R I B U T I O N  

I I I 
I 
I 

I 
I Ic-APERTCTRE WIDTH, W 
I OR DIAMETER, Da 

-+ I 

I 

T O P  VIEW OF WAVEGUIDE 

WIDTH O F  CORE, d 

Pr = power coupled t o  waveguide mode 
= PAn, 

where p = Inc ident  power dens i ty ,  wdtts/unit  a r e a  

SIAB CONFIGURATION 

A = W x h  

*a 
h = height of waveguide under cons ide ra t ion  

= 0.67 ( fo r  cosine-squared f i e l d  d i s t r i b u t i o n )  

CIRCUIAR CONFIGURATION 

A = 7rDa2/4 

%a = 0.56 (cosine-squared) 

Fig, 10 - C o u p l i n g  t o  waveguide w i t h  p lane  wdve. 
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APERTURE DISTRIBUTION 

RELATIVE 
VOLTAGE >- 

$. APERTURE 
DIMENSION 

( a )  TE-0, TM-0 modes. 

(b) TE-1, TM-1 modes. 

( c )  TE-2, TM-2 modes, 

( d )  TE-3, TM-3 modes. 

(Note: a l l  modes far from c u t o f f ) .  

Fig. 11 - Waveguide f i e l d  d i s t r i b u t i o n  with f a r - f i e l d  r a d i a t i o n  
v w  patterns . 
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( a )  r a d i a t i o n  p a t t e r n s .  

0.24 --- A 

,-rn = 1 

APERTURE 
DIMENSION 

m = O  

(b ) ape r tu re  f i e l d s  . 
m = l  m = 2  

Fig. 12 - Relative mode e x c i t a t i o n  for a g iven  angle of incidence.  
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For the case of ex te rna l  f i e l d s  focused on the  waveguide, 
. n o t  only i s  the  width of the aper ture  s i g n i f i c a n t ,  b u t  a l s o  the  width 

of  the  i n c i d e n t  e x c i t a t i o n .  The coupling of power i n t o  the waveguide 
mode from the inc iden t  f i e l d  depends on the  s i m i l a r i t y  of t h e  shapes 
of t h e  i n c i d e n t  and waveguide f i e l d s  (Refs. 12 ,  2 0 ) .  When the  f i e l d s  
have the same shapes, a l l  the power of the  i n c i d e n t  f i e l d  is  coupled 
(asswning impedance matching). bJhen the f i e l d s  have d i f f e r e n t  shapes, 
n o t  a l l  the power i s  coupled. 
that i n c i d e n t  is, 

I 
2 2 I f 3  dR f r  d R  

R R 

The r a t i o  of  the power received t o  

( 5 )  

where f i  and f r  a r e  the d i s t r , bu t ion  func t ions  of t he  i n c i d e n t  anc 
waveguide f i e l d s  and R i s  the  a p e r t u r e  region.  This formula may be 
evaluated i n  s imple terms If the i n c i d e n t  and waveguide f ie lds  are 
approximated by Gaussian shapes(exp - ax ); the r e s u l t s  a r e  summarized 
i n  Fig. 13. For the  case o f  the s l a b  waveguide, the coupled power 
app l i e s  t o  the  coupling p e r  u n i t  he ight .  I f  the Inc iden t  f i e l d  
var ies  along the  he ight  dimension, each s e c t i o n  along t h e  height  may 
be  considered sepa ra t e ly .  Bor example, i f  the inc iden t  f i e l d  I s  a 
c i r c u l a r l y  symmetric Gaussian and the widths of the Inc iden t  and 
waveguide f i e l d s  a r e  the same, a l l  t h e  power may be coupled. However, 
the  f i e l d  I n  the waveguide i n  the he igh t  dimensions w i l l  then have 
t h e  Gaussian shape. For c i r c u l a r  f i e l d s  and c i r c u l a r  guides,  the  
coupl ing a p p l i e s  t o  t h e  t o t a l  power. 

f i e lds ,  equat lon (5)  may be appl ied,  b u t  eva lua t ion  i s  complex and 1s 
n o t  carried ou t  here. Qua l l t a t lve  cons ide ra t ions  i n d i c a t e  that 
l a t e r a l  displacement of the inc iden t  f i e l d  will pr imar i ly  a f f e c t  t h e  
amplitude of the coupled s igna l ,  while changes of the angle  will 
e x c i t e  d i f f e r e n t  higher modes, a s  i n  the case of plane waves i n c i d e n t .  

2 

For o t h e r  angles  of Incidence and displacements of t h e  
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Wi ( h a l f  -amplitude width)  

I 
I I 

I 

INCIDENT FIELD 

exp -(2.77 x/wi) 

WAVEGUIDE FIELD 

exp - (2.77 x h , )  

WAVEGUIDE 

SLAB WAVEGUIDE 

'r = ratio of power coupled p e r  u n i t  he ight  

CIRCULAR WAVEGUIDE 

pr = t o t a l  power coupled p. 

A- I 

Fig. 13 - Coupling t o  waveguide with focused f i e l d .  
vmg 
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The u l t i m a t e  ob jec t ive  of t h i s  o p t i c a l  waveguide s tudy is 
the  development of a medium i n  which p r a c t i c a l  o p t i c a l  components 
may be f ab r i ca t ed .  I n  o rde r  t o  achieve t h i s  goa l  it i s  necessary t o  
eva lua te  waveguide conf igura t ions  and materials with r e spec t  t o  
f a b r i c a t i o n  f e a s i b i l i t y  and p r a c t i c a l i t y  as w e l l  as propagat ion 
c h a r a c t e r i s t i c s .  

A,  Configurat ions and Techniques . 
Fabr i ca t ion  f e a s i b i l i t y  has been considered f o r  two c l a s s e s  

of waveguide models - (1) experimental  models intended p r i m a r i l y  
f o r  l abora to ry  a n a l y s i s  of waveguide c h a r a c t e r i s t i c s  and ( 2  ) proto type  
models, w i t h  performance stable over a wide environmental range, 
t o  demonstrate p r a c t i c a l i t y .  The d e s i r e d  c h a r a c t e r i s t i c s  f o r  these 
two c l a s s e s  are ind ica t ed  i n  Table I. 

Severa l  experimental  Waveguide conf igu ra t ions  are shown 
i n  Fig, 14 and t h e i r  genera l  c h a r a c t e r i s t i c s  are o u t l i n e d  i n  T a b l e  11. 
I n  a l l  of t hese  conf igura t ions  e i ther  the waveguide core o r  cladding 
i s  a l i q u i d .  Such a n  arrangement eliminates the  necess i ty  f o r  mating 
g l a s s  su r faces ,  reducing f a b r i c a t i o n  time and c o s t .  Also, t h e  
temperature dependence of  the d i e l e c t r i c  cons tan t  of the l i q u i d  
provides  a convenient c o n t r o l  of the d i f f e r e n c e  i n  d i e l e c t r i c  cons t an t  
(Ak). However, t h i s  same temperature s e n s i t i v i t y  w i l l  probably 
prec lude  i t s  use  as a prototype waveguide. 

of the i n i t i a l  testing, The waveguide s t r u c t u r e  c o n s i s t s  of two 
o p t i c a l l y  f l a t  plates ,  77 mm long, of S c h l i e r e n  q u a l i t y ,  b o r o s i l i c a t e  
crown glass (k - 2,2952), suspended i n  chlorobenzene. The ch loro-  
benzene in the gap between the p l a t e s  s e rves  as the  waveguide core  
wi th  the glass p l a t e s  as t h e  cladding. This c o n s t r u c t i o n  permits  
easy adjustment of core  s i z e .  The temperature o f  the  waveguide i s  
c o n t r o l l e d  t o  .03OC by a temperature-regulated,  wa te r - c i r cu la t ion  
system connected t o  t he  bottom o f  t h e  box. Experimental data taken  
with t h i s  conf igu ra t ion  i s  repor ted  i n  Sec t ion  V. 

The box assembly shown i n  Fig.  15 has been used f o r  most 
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CONTAINER 
/-FOR CLADDING 

, =QUID 
.GLASS 
CORE 

( a )  D ie l ec t r i c - s l ab  l i q u i d  
core waveguide. 

CONTAINER 
FOR CIADDING 
U Q U I D  

(b) Die lec t r i c - s l ab  solid 
core  waveguide. 

GIASS 
C U D D I N G  /- 

/ 

( c  ) Cyl ind r i ca l  f i b e r  
w~veguide.  

GIASS 
CORE 

LIQUID 
C l A D D I  NG 

HOLE 
FOR 
CORE 
I J Q U I D  

( d )  Cy l ind r i ca l  tube 
wdveguide. 

Fig.  14 - Sketches of experimental wdve;_.;uide models. 
vmg 
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Dielectric -slab l i q u i d  
co re  [Figo 1 4 ( a ) ]  

Dielectric-slab glass 
core  [Pig. 1 4 ( b ) ]  

C y l i n d r i c a l  f i b e r  

v i g .  14(a)1  

Cy l ind r i ca l  tube 
[F igo  1 4 ( d ) l  

CHARACTERISTICS 

(1) Adjustable th ickness  . 
( 2 )  

(3 ) 
( 4 )  

(5  ) Inherent ly  homogeneous l i q u i d  core  . 
( 6 )  Simple f a b r i c a t i o n .  

Ak can be ad jus t ed  by temperature 
con t ro l .  
Adaptable t o  component s t u d i e s  . 
Eas i ly  modified t o  s h o r t  c i r c u i t  
b i sec t ed  conf igura t ion .  

(1) 

( 2  ) 
(3) 

( 4 )  

(5) 

Ak can be ad jus t ed  by temperature 
con t ro l .  
Adaptable t o  coinponent s t u d i e s .  
Eas i ly  modified t o  s h o r t  c i r c u i t  
b i s e c t e d  conf igura t ion .  
P e r m i t s  eva lua t ion  of effect  of i n -  
homogeneities i n  t y p i c a l  g l a s s  c o r e ,  
FFbr ica t ion  from a v a i l a b l e  drawn she t s  < 

(1) 

( 2 )  Single-mode i n  both c r o s s - s e c t i o n a l  

(3) 

Ak can be ad jus t ed  by temperature 
con t ro l .  

dimensions 
FabricatLon from a v a i l a b l e  drawn g l a s s  
pr quar t z  f ibers  

(1) 

( 2 )  Single-mode i n  both  c r o s s - s e c t i o n a l  

(3) 

( 4 )  

Ak can be ad jus t ed  by temperature 
con t ro l .  

dimensions. 
Fabr i ca t ion  from a v a i l a b l e  g l a s s  c a p i l -  
l a r y  tubes o r  drawn qua r t z  tubes.  
Liquid may be sea l ed  i n  tube, removing 
necess i ty  f o r  e x t e r n a l  con ta ine r .  

Table 11. General c h a r a c t e r i s t i c s  of var ious experimental  
waveguide models . 
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A 

Fig .  15 - F i r s t  exper imenta l  model of macroscopic o p t i c a l  waveguide. 

vmg 
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waveguide r e l a t i v e  t o  the inc ident  l a s e r  beam. The temperature- 
r e g u l a t i o n  system is  necessary t o  c o n t r o l  the d i e l e c t r i c  cons tan t  
of the l i q u i d  i n  the waveguide, and t h e r e f o r e  t h e  d i f f e r e n c e  i n  
d i e l e c t r i c  cons tan t  between the core  and the cladding, as d iscussed  
i n  Sec t ion  IV, P a r t  B. The temperature of the waveguide may be 
c o n t r o l l e d  t o  +0.03° - C, and, t he re fo re ,  the d i f f e r e n c e  i n  d i e l e c t r i c  
cons t an t  i s  c o n t r o l l e d  t o  +0,00005. - The waveguide tank i s  mounted 
on a t a b l e  and may be r o t a t e d  i n  the h o r i z o n t a l  plane,  i n  o rde r  t o  
vary the angle  of incidence of t h e  l a s e r  beam ( e x c i t a t i o n  angle) .  
The t ab le  may also be moved t r ansve r se  t o  t h e  inc iden t  l a s e r  beam, 
i n  o rde r  t o  sample d i f f e r e n t  po r t ions  of t h e  beam, 

a 1P22 pho tomul t ip l i e r  tube and power supply, and e i the r  a tuned 
a m p l i f i e r  o r  a c h a r t  recorder ,  both of which respond t o  t h e  1000 cps 
modulation frequency of the l a s e r ,  Both the r eco rde r  and a m p l i f i e r  
a r e  c a l i b r a t e d  i n  decibels. A small r ec t angu la r  a p e r t u r e  i s  placed 
i n  f r o n t  of the photomul t ip l ie r  t o  provide the r e q u i s i t e  s p a t i a l  
r e so lu t ion .  I n  o r d e r  t o  measure t h e  a p e r t u r e  d i s t r i b u t i o n  of  the 

The d e t e c t i o n  system, i l l u s t r a t e d  i n  Fig,  26, comprises 

waveguide, a lOOX microscope is focused on t h e  output  ape r tu re ,  and 
t h e  p a t t e r n  observed w i t h  the microscope i s  measured, The microscope 
i s  not employed when measuring t h e  f a r - f i e ld  ( r a d i a t i o n )  p a t t e r n  of 
t h e  waveguide. I n  a d d i t i o n  t o  t he  above apparatus  f o r  p a t t e r n  
measurements, p rov i s ion  has been made f o r  photographica l ly  record ing  
the  waveguide output  . 
descr ibed  s e p a r a t e l y  below. 

The t e s t s  of t h e  three waveguide conf igura t ions  a r e  

1. Liquid-Core, Solid-Cladding D i e l e c t r i c  -Slab Waveguide , 

For t h i s  waveguide conf igu ra t ion  t e s t s  were made both of 
mode e x c i t a t i o n  and of  ape r tu re  f i e l d  d i s t r i b u t i o n .  The t h r e e  
parameters which could be a d j u s t e d  are t h e  d i f f e r e n c e  i n  d i e l e c t r i c  
cons tan t  between t h e  core and the cladding,  the waveguide width, and 
t h e  e x c i t a t i o n  angle  of the  waveguide, The wldth w a s  ad jus t ed  t o  
35.7 microns (571 )  and then held cons tan t  throughout the t e s t  f o r  
t he  mode e x c i t a t i o n  study. The f i rs t  s tep  i n  the measurement w a s  t o  
i nc rease  the  temperature u n t i l  t h e  waveguide became dark; a t  t h i s  

vmg 



Report 1209 Wheeler l a b o r a t o r i e s ,  Inc. 

6 

r- - - -1 

Pdge 55 



Report 1209 Wheeler I abora to r i e s ,  Inc ,  Page 39 

For prototype waveguides s e v e r a l  f a b r i c a t i o n  techniques 
have been considered. The general  o b j e c t i v e  has been t o  o b t a i n  a 
waveguide f a b r i c a t e d  e n t i r e l y  from s o l i d  ma te r i a l s  . This o b j e c t i v e  
i s  complicated b y  t h e  small d i f f e rence  requl red  between t h e  
d i e l e c t r i c  cons tan ts  of t he  core and cladding materials. Aiiong the 
p o s s i b l e  techniques a r e  : 

(1) Vacuun depos i t ing  of a d i e l e c t r i c  c ladding on a t h i n  
g l a s s  core.  The d i e l e c t r i c  constant  of the cladding m y  be a c c u r a t e l y  
c o n t r o l l e d  r e l a t i v e  t o  t h e  core by depos i t i ng  a p r e c i s e  mixture of 
s e v e r a l  d i e l e c t r i c s  simultaneously,  

( 2 )  Diffusion of a n  i m p u r i t y  i n t o  the  core material. The 
core  and c ladding  would be f ab r i ca t ed  f r o m  the  same m a t e r i a l  and 
t h e  d i f f u s e d  impuri ty  would r a i s e  the d i e l e c t r i c  cons tan t  of the 
core  t o  the requi red  value.  

(3) Heavy doping of t h e  cladding and c o n t r o l l e d  removal of 
t h e  dopant t o  o b t a i n  t h e  requi red  d i e l e c t r i c  cons tan t  f o r  the cladding.  
I n  t h i s  case t h e  core  would be a pure m a t e r i a l  and the cladding 
m a t e r i a l  would be chosen s o  t h a t  i t s  d i e l e c t r i c  cons tan t  before  
doping was below tha t  of the  core. The ad jus tnen t  of the d i e l e c t r i c  
cons t an t  could be made a f t e r  the  waveguide was assembled by immersing 
i t  i n  a chemical which reinoves t h e  dopant i n  t h e  cladding. Waveguide 
c h a r a c t e r i s t i c s  could be monitored during t h i s  process  and t h e  
waveguide removed from the chemical when the desired & is  obtained,  

( 4 )  Modification o f  the phys ica l  p r o p e r t i e s  of a single 
g l a s s  s l a b  t o  establish a k-gradient ac ross  it. The modal cha rac t e r -  
i s t i c s  of' t h i s  waveguide w i l l  d i f f e r  somewhat from those  discussed 
i n  Sec t ion  111, but the  important p r o p e r t i e s  w i l l  be s i m i l a r .  Among 
t h e  p o s s i b l e  techniques f o r  ob ta in ing  a k-gradien t  are:  hea t  t r e a t i n g  
t o  change s t r u c t u r e ,  d i f f u s i o n  of impur i t i e s  i n t o  t h e  s l a b ,  chemical 
r eac t ions ,  nuclear  processing,  e tc ,  

While t h e  p re sen t  experimental, p a r t i a l l y  l i q u i d ,  models 
a r e  s u i t a b l e  f o r  waveguide s t u d i e s  and the eva lua t ion  of  component 
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designs,  t h e  u l t i m a t e  usefu lness  of macroscopic waveguide i s  i t s  
a p p l i c a t i o n  t o  ope ra t iona l  systems. Therefore,  the f a b r i c a t i o n  of 
a pro to type  waveguide, cons i s t ing  e n t i r e l y  of s o l i d  ma te r i a l s  i s  of 
paramount importance , 

B. Materials. 

The f a b r i c a t i o n  of any o p t i c a l  waveguide involves  a choice 
of materials which must be based on the e f f e c t  of the ma te r i a l  
p r o p e r t i e s  on waveguide propagation. A b r i e f  summary of p e r t i n e n t  
m a t e r i a l  p r o p e r t i e s  i s  presented i n  t h i s  subsect ion.  

The p r o p e r t i e s  of most i n t e r e s t  a r e  d i e l e c t r i c  cons tan t  
and d i e l e c t r i c  loss, In addi t ion ,  s i n c e  metals may be used f o r  
waveguide b i s e c t i o n s ,  m e t a l l i c  l o s s  i s  a l s o  of i n t e r e s t .  However, 
r e l a t i v e l y  high l o s s e s  may be t o l e r a t e d  because the  waveguide i s  
t o  be used p r i n a r i l y  f o r  component f a b r i c a t i o n ,  as opposed t o  
long-run power- t ransfer  appl ica t ions .  For i n s t ance  an  a t t e n u a t i o n  
of  10 db/meter r e s u l t s  i n  a loss of only 0.1 db f o r  a one c e n t i -  
meter lonz  component. On t h e  o t h e r  hand t h e  to l e rance  on the 
homogeniety of t h e  d i e l e c t r i c  cons tan t  is q u i t e  c r i t i c a l ,  The 
requ i r ed  d i f f e r e n c e  i n  d i e l e c t r i c  cons tan t  between the core  dnd 
c ladding  ma te r i a l s  is of the  order  of .0001 f o r  single-mode 
dimensions of a hundred wavelengths . Therefore,  i t  is e s t i n a t e d  
that  t h e  d i e l e c t r i c  cons tan t  throughout t h e  core  should not d e v i a t e  
by  more than  .00001 f rom its design value.  The d i e l e c t r i c  cons t an t  
of t h e  cladding must meet similar s p e c i f i c a t i o n s  i n  t h e  r eg ion  of the 
i n t e r f a c e .  However, t h i s  to le rance  on the cladding becomes l e s s  
c r i t i c a l  a t  d i s t ances  of  one or two core th icknesses  from t h e  
i n t e r f a c e  . 
phenomena. I n  s o l i d  d i e l e c t r i c s  s c a t t e r i n g  may be caused by  l a r g e  
d i s c o n t i n u i t i e s  such as air bubbles o r  s c ra t ches .  These l o s s e s  may 
be reduced t o  a neg l ig ib l e  value by spec i fy ing  o p t i c a l  q u a l i t y ,  
precis ion-annealed glass w i t h  a high q u a l i t y  su r face  f i n i s h ,  

Molecular s ca t t e r ing ,  which occurs i n  b o t h  l i q u i d s  and 
so l id s ,  a l s o  con t r ibu te s  t o  d i e l e c t r i c  l o s s  (Ref , 10). This e f f e c t  
i s  d i r e c t l y  p ropor t iona l  t o  the fourth power of frequency. Therefore,  

D i e l e c t r i c  l o s s e s  a r i s e  from both abso rp t ion  and s c a t t e r i n g  

m g  
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t h i s  type of s c a t t e r i n g ,  which is  commonly neglected a t  microwave 

s o l i d  materials molecular s c a t t e r i n g  con t r ibu te s  about 1 db/meter 
t o  the a t t e n u a t i o n  a t  1 micron. 

f requencies .  From an engineering po in t  of view o p t i c a l  abso rp t ion  
need only  be considered a s  a mechanism which reduces the i n t e n s i t y  
of the r a d i a t i o n  i n  an  exponent ia l  manner. The mechanism of 
abso rp t ion  is r e l a t e d  t o  t h e  atomic s t r u c t u r e  of t h e  m a t e r i a l  and i s  
d iscussed  i n  s tandard o p t i c a l  textbooks (Ref . 9 ) .  

waveguide materials and th i s  quan t i ty  nay be e a s i l y  measured. 
Therefore,  d e t a i l e d  computations of d i e l e c t r i c  absorp t ion  and 
s c a t t e r i n g  are not necessa r i ly  needed f o r  t h e  eva lua t ion  of d i e l e c -  
t r i c  a a t e r i a l s .  Empirical  values f o r  the t o t a l  a t t e n u a t i o n  of 
glass and var ious l i q u i d s  appear i n  t h e  l i t e r a t u r e  ( R e f  l), The 
t o t a l  a t t e n u a t i o n  of t ransparent  g l a s s  is g e n e r a l l y  given a s  less 
t h a n  10 db/meter i n  the v i s i b l e  region.  
and carbon d i s u l f i d e  have both been measured a t  WL t o  be about 
3 db/rneter a t  0.6328 microns. As i nd ica t ed  previous ly ,  t h i s  magnitude 
of a t t e n u a t i o n  is  considered acceptable  f o r  waveguide app l i ca t ions .  

on r e f l e c t i o n .  I n  the  s h o r t  - c i r c u i t  b i sec t ed  waveguides a 
r e f l e c t a n c e  of loo$ i s  des i red .  The degradat ion of waveguide 

~ f requencies ,  must be evaluated a t  o p t i c a l  f requencies .  For t y p i c a l  

Absorption i s  another ' important  l o s s  f a c t o r  a t  o p t i c a l  

To ta l  l o s s  i s  the important parameter f o r  d i e l e c t r i c  

The a t t e n u a t i o n  of benzene 

Meta l l ic  losses a r e  s i g n i f i c a n t  because of the i r  effect  

performance with decreasing r e f l ec t ance  i s  i n d i c a t e d  i n  Sec t ion  111. 
The approximate r e f l e c t a n c e  of s i l v e r  and alumlmm a r e  p l o t t e d  i n  
Fig. 1 6  as a f u n c t i o n  of frequency. T h i s  p roper ty  is a l s o  3. 
f u n c t i o n  of t h e  angle  of incidence.  Fig, 16 is p l o t t e d  for normal 
incidence;  whereas, the r e f l e c t a n c e  a t  graz ing  incidence approaches 
100% f o r  both meta ls ,  I n  general ,  r e f l e c t a n c e  improves a t  t h e  
lower f requencies .  Although s i l v e r  has a higher r e f l e c t a n c e ,  
aluminum i s  u s u a l l y  p r e f e r r e d  f o r  i t s  co r ros ion  r e s i s t a n c e .  

t h e  waveguide ma te r i a l s  has a c r i t i c a l  e f f e c t  on waveguide cha rac t e r -  
Since t h e  p r e c i s e  con t ro l  of the  d i e l e c t r i c  cons tan t  of 

i s t i c s ,  i t  is necessary t o  understand the  f u n c t i o n a l  v a r i a t i o n  of 
t h i s  parameter. The d i e l e c t r i c  cons tan t  of a pure m a t e r i a l  is 
re lated t o  molecular d e n s i t y  and molecular p o l a r i z a b i l i t y  by the 

M g  formula; 
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Fig. 16 - Reflectance of metals as d f 'unction of frequency. 
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where N i s  the d e n s i t y  of molecules and a i s  t h e  p o l a r i z a b i l i t y .  
For materials c o n s i s t i n g  of a v a r i e t y  of d i f f e r e n t  molecules t h e  
N a  product may be replaced by the  summation of  N a  products  over  
the d i f f e r e n t  molecules, The p o l a r i z a b i l i t y ,  a, i s  a f u n c t i o n  of 
the quantum-mechanical s ta te  of the molecules ( R e f .  10) and, i s  
known t o  e x h i b i t  both a temperature and a frequency dependence, 

arises from two s e p a r a t e  e f f e c t s .  The predominant one f o r  l i q u i d  
d i e l e c t r i c s  is  t h e  v a r i a t i o n  of dena l ty ,  N, w i t h  temperature and 
normally r e s u l t s  i n  a decrease of d i e l e c t r i c  cons tan t  w i t h  rising 
temperatures.  The o t h e r  f a c t o r  i s  t h e  te.nperature dependence of t h e  
p o l a r i z a b i l i t y .  This i s  caused by thermal pumping of  molecules i n t o  
higher v i b r a t i o n a l  l e v e l s .  The e f f e c t  of t h e  thermal pumping may be 
e i ther  t o  ra ise  o r  lower the d i e l e c t r i c  cons tan t  depending on the 

The temperature v a r i a t i o n  of the d i e l e c 6 r l c  cons tan t  

atomic s t r u c t u r e  of the ma te r i a l ,  
The d i e l e c t r i c  cons tan t  of a s o l i d  is  g e n e r a l l y  less 

temperature s e n s i t i v e  than  that  of a l i q u i d ,  For typical g l a s s e s  
the d i e l e c t r i c  cons tan t  changes by  0 . 0 0 O O l ~ C  while f o r  t y p i c a l  
l i q u i d s ,  it v a r i e s  by . O O l p C .  
waveguide the  core and cladding have a similar temperature dependence 
s o  tha t  Ak, t he  important parameter f o r  waveguide propagation, w i l l  
t e n d  t o  remain cons tan t  even though the abso lu te  value of the 
d i e l e c t r i c  constant  changes. The l i q u i d - s o l i d  experimental  waveguides, 
however, are very temperature s e n s i t i v e  because the d i e l e c t r i c  
cons t an t  of t h e  l i q u i d  v a r i e s  r e l a t i v e  t o  tha t  of the so l id ,  The 
temperature dependence of Ak f o r  a t y p i c a l  experimental  waveguide 
i s  p l o t t e d  i n  Fig, 17. 

r e l a t e d  t o  the  molecular p o l a r i z a b i l i t y  of  the material. The 
p o l a r i z a b i l i t y  e x h i b i t s  var ious s i n g u l a r i t i e s  as a r e s u l t  of m l e c u l a r  
and a t o n i c  resonances. The frequency v a r i a t i o n  may be obta ined  from 
Eq. ( 6 )  by tak ing  i n t o  account the frequency dependence of t h e  
p o l a r i z a b i l i t y  which i s  given by; 

Therefore, i n  a completely s o l i d  

The frequency dependence of t h e  d i e l e c t r i c  cons tan t  is 
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where fs i s  the " o s c i l l a t o r  s t rength"  a s soc ia t ed  w i t h  edch resonant  
frequency, ws, and ys i s  a damping term assoc ia t ed  w i t h  each quantum 
t r a n s i t i o n ,  The sumination i s  over  a l l  the resonant  f requencies  of 
the molecule. T h i s  theory has been developed from both c l a s s i c a l  
and quantum mechanical viewpoints i n  Ref. 2 and w i l l  not be presented 
here .  The d i e l e c t r i c  constant  a s  a f 'unction of frequency f o r  a 
t r anspa ren t  d i e l e c t r i c  i s  p l o t t e d  over a l a r g e  frequency band i n  
Fig. 18, and the  d i e l e c t r i c  constant  of b o r o s i l i c a t e  crown g l a s s  
i s  shown i n  F ig ,  13 f o r  t he  v i s i b l e  p o r t i o n  of t he  spectrum. T h i s  
m a t e r i a l  i s  t y p i c a l  of t ransparent  o p t i c a l  ma te r i a l s  i n  t ha t  d i e l e c -  
t r i c  cons tan t  i nc reases  with frequency. 

The f a b r i c a t i o n  of a macroscopic o p t i c a l  waveguide is 
considered feasible f o r  both experiinental and pro to type  models. 
Experimental waveguides have already been demonstrated and t h e  
choice of waveguide ma te r i a l s  may be based on publ ished da ta  and 
on simple labora tory  measurements. Techniques f o r  f a b r i c a t i o n  of 
more p r a c t i c a l ,  prototype waveguides have been ind ica t ed .  However, 
t h i s  a p p l i c a t i o n  of t hese  techniques i s  s u f f i c i e n t l y  d i f f e r e n t  from 
convent ional  a p p l i c a t i o n s  so t h a t  c a r e f u l  des ign  and experimentat ion 
w i l l  be requi red  f o r  t h e i r  development. 
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Fig. 18 - Typical v a r i a t i o n  of d i e l e c t r i c  constant  with 
f r equ e nc y . 

FREQUENCY (Teracycles ) 

Fig. 19 - D i e l e c t r i c  constant  versus  frequency f o r  b o r o s i l i c a t e  
vw3 crown glass i n  the v i s i b l e  band, 
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V. Experimental Evaluation. 

The obJec t ive  of the experimental  s tudy  i s  t h e  v e r i f i c a t i o n  
of waveguide performance as p red ic t ed  by the  t h e o r e t i c a l  ana lys i s .  
P o s i t i v e  v e r i f i c a t i o n  w i l l  i n d i c a t e  t h a t  t h e r e  i s  s u f f i c i e n t  under- 
s tanding  of t h e  waveguide propagation, and that  adequate to l e rances  
have been held on m a t e r i a l s  and conf igura t ions  t o  j u s t i f y  the var ious 
assumptions of the ana lys i s .  The experimental  program has included 
t h e  observa t ion  of waveguide modes, the measurement of f i e l d  p a t t e r n s ,  
and comparison of t hese  c h a r a c t e r i s t i c s  wi th  t h e o r e t i c a l  c a l c u l a t i o n s ,  
f o r  s e v e r a l  experimental  wdveguide conf igura t ions .  

Three waveguide conf igura t ions  have been inves t iga t ed :  
(1) a l iqu id-core ,  sol id-cladding d i e l e c t r i c - s l a b  waveguide, ( 2  ) a 
so l id-core ,  l i qu id -c l add ing  d i e l e c t r i c - s l a b  waveguide, and (3) a 
s h o r t  - c i r c u i t  -bis ec t ed d i e l e c t r i c  -s l a b  waveguide. These conf'igura t ions  
a r e  descr ibed  below, 

The experimental  model of the  f irst  conf igura t ion ,  a l i q u i d -  
core,  so l id-c ladding  d i e l e c t r i c - s l a b  waveguide, w a s  designed with the 
f e a t u r e s  shown i n  Fig. 20; a photograph of t h i s  waveguide is given i n  
Flg. 15. The waveguide s t r u c t u r e  c o n s i s t s  of  two 77 mm p l a t e s  of 
Sch l i e ren  q u a l i t y  b o r o s i l i c a t e  crown glass (k = 2,2952 ), suspended i n  
chlorobenzene; the i n s i d e  su r faces  of t h e  plates  a r e  o p t i c a l l y  f l a t .  
The g l a s s  p l a t e s  s e rve  a s  the waveguide cladding, and the  chloro-  
benzene i n  the gap between the p l a t e s  se rves  a s  t h e  core .  

d i f f e r e n t i a l  screw, shown i n  Fig, 20 ,  One t u r n  of t h e  screw changes 
the  spacing by t e n  microns. The spacing i s  observed through a l O O X  

microscope, and measured w i t h  a c a l i b r a t e d  r e t i c l e  i n  the  microscope 
eyepiece; t he  measurement accuracy i s  approximately + - 3 microns . 
para l l e l .  This i s  accomplished by d i r e c t i n g  a co l l imated  l a s e r  beam 
through a s ide  window on the waveguide tank, and observing the beams 
ref lected from the  sur faces  of t h e  glass p l a t e s  w i t h  a te lescope ,  
as i l l u s t r a t e d  i n  Fig. 21. Each r e f l e c t i o n  appears as  a p o i n t  i n  the  
f i e l d  of view of the te lescope .  When the p o i n t s  corresponding t o  
r e f l e c t i o n s  from the i n n e r  su r faces  of the p l a t e s  a r e  superimposed, 
t h e  p l a t e s  a r e  p a r a l l e l .  The adjustment i s  made w i t h  three d i f f e r -  

The spacing between the plates i s  ad jus t ed  by means of a 

To provide a uniform waveguide, the  p la tes  have t o  be 

vmg 
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e n t i a 1  screws, shown i n  Fig. 20. After adjustment, the p l a t e s  a r e  
p a r a l l e l  t o  w i th in  0.01 mi l l i r ad ian .  

The experimental  model of the second conf igura t ion ,  a s h o r t -  
c i r c u i t  -bisec ted d i e l e c t r i c  -s lab waveguide , i s  similar i n  cons t ruc t  i o n  
t o  the d i e l e c t r i c - s l a b  waveguide descr ibed above; the only d i f f e r e n c e  
is  that  one of the g l a s s  p l a t e s  has been replaced by an  i d e n t i c a l  
p la te  having a t h i n  l a y e r  of aluminum depos i ted  on t h e  o p t i c a l l y  f l a t  
su r face .  The glass p la te  again se rves  as t h e  cladding, and the 
chlorobenzene i n  t h e  gap between the  glass p l a t e  and the aluminized 
s u r f a c e  se rves  a s  t h e  core.  The adjustrnent of spacing and p a r a l l e l -  
i s m  w i t h  t h i s  waveguide conf igura t ion  a r e  i d e n t i c a l  t o  those descr ibed 
above f o r  the  d i e l e c t r i c - s l a b  waveguide. 

core,  l iquid-cladding d i e l e c t r i c - s l a b  waveguide, employs t h e  same 
support ing s t r u c t u r e  a s  the waveguides descr ibed  above. For t h e  
s o l i d  core  guide, the two glass p l a t e s  are removed and replaced by 

The experimental  model of' t h e  t h i r d  conf igura t ion ,  a s o l i d -  

a t h i n  (89+3 - microns) sheet of o p t i c a l  q u a l i t y  glass, 76 mm long, 
which se rves  as the waveguide core;  the  chlorobenzene i n  which it 
is  suspended serves  as the cladding. 

p a t t e r n s ,  a t e s t  range has been implemented. This range comprises 
t h r e e  bas i c  systems: the source system, t h e  waveguide sys tem,  and 
the d e t e c t i o n  system, A block diagram of the tes t  range is given 
i n  Fig,  22; a photograph i s  shown I n  Fig.  23. 

The source system, i l l u s t r a t e d  i n  Fig. 24, comprises a 
CW He-Ne gas laser having a col l imated output  a t  0,6328 microns, 
p r o v i s i o n  for in t roducing  a c a l i b r a t e d  value of a t t e n u a t i o n  i n t o  
the laser  beam, and a lens f o r  focusing the beam on the input 
a p e r t u r e  of the  waveguide. The laser  output  is l i n e a r l y  po la r i zed  
i n  the v e r t i c a l  plane; a half-wave p la te  may be placed i n  the beam 
t o  r o t a t e  the p o l a r i z a t i o n  t o  t h e  h o r i z o n t a l  p lane  when des i r ed .  A 
1000 cps square-wave genera tor  provides  amplitude modulation of 
the l a s e r .  

t h e  waveguide tes t  f i x t u r e  descr ibed previously,  a the rmos ta t i ca l ly -  
c o n t r o l l e d  wa te r - c i r cu la t ion  syBtem connected t o  the bottom of the 
waveguide tank, and provis ions  f o r  a d j u s t i n g  the o r i e n t a t i o n  of the 

I n  o rde r  t o  measure the mmber of modes and t h e  f i e l d  

The waveguide system, i l l u s t r a t e d  i n  Fig,  25, comprises 

v-mg 
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temperature,  t h e  d i f f e r e n c e  i n  d i e l e c t r i c  cons tan t  between the core 
and cladding i s  ze ro ,  The temperature w a s  then  decreased i n  d i s c r e t e  
s t e p s  t o  Increase  the d i f f e rence  i n  d i e l e c t r i c  cons tan t .  A t  each 
temperature l e v e l ,  t h e  temperature was allowed t o  s t a b i l i z e ,  and the 
e x c i t a t i o n  angle  was var ied .  The h ighes t  propagat ing mode was noted, 
by  count ing t h e  maximum nurnber of l i n e s  observed i n  t h e  core ,  and 
the corresponding mode number was ind ica t ed  a t  a p o i n t  on t h e  mode 
c h a r t  (Fig.  2 7 )  corresponding t o  t h e  measured values  of waveguide 
spacing and d i f f e r e n c e  i n  d i e l e c t r i c  cons tan t .  It should be noted 
t h a t  the number of l i n e s  observed I n  the a p e r t u r e  f o r  a given mode 
i s  one greater than  the mode des igna t ion  "m". For agreeinent between 
measurements and theory t o  be ind ica ted ,  a h ighes t  mode number "m" 
would be observed f o r  a p o i n t  on the c h a r t  between t h e  l i n e s  labe led  

and "m+l" .  For small d i f f e rences  i n  d i e l e c t r i c  cons tan t ,  the  
d a t a  agrees  wfth theory; as the d i f f e r e n c e  inc reases ,  fewer modes 
were observed than  predic ted .  However, w i th in  t h e  p r e c i s i o n  and 
to l e rances  of the measurements and waveguide cons t ruc t ion ,  i t  i s  
considered t h a t  the waveguide modes observed are c o n s i s t e n t  w i t h  the 
t h e o r e t i c a l  a n a l y s i s .  

waveguide width was f i ra t  adJusted t o  be 751, the temperature of the 

waveguide was ad jus t ed  so t h a t  only the fundamental mode (TM-0, TE-0) 
was supported,and the  e x c i t a t i o n  angle  WLS ad jus t ed  f o r  maximin output .  
A measured and t h e o r e t i c a l  p a t t e r n  a r e  shown In  Fig. 28. The 
t h e o r e t i c a l  curve was obtained by  not ing  the measured f i e l d  
amplitude a t  the edge of the  core. This amplitude determines the  
va lues  of the waveguide parameters 
determine the t h e o r e t i c a l  f i e l d  p a t t e r n  (Appendix I).  
between measurements and theory i s  obtained,  i n d i c a t i n g  that  waveguide 
performance i s  c o r r e c t l y  explained by t h e  a n a l y s i s ,  A "noise"  l e v e l  
a t  about -22 db i s  observed, and is caused by s c a t t e r e d  l i g h t  i n  
the waveguide region.  An a d d i t i o n a l  a p e r t u r e  f i e l d  p a t t e r n  i s  

It t1 

For the measurements of a p e r t u r e  f i e l d  d i s t r i b u t i o n s ,  t h e  

''p" and "q", which i n  t u r n  
Good agreement 

presented i n  Fig. 29 f o r  50A guide spacing. Although some asymmetry 
i s  p r e s e n t  i n  t h i s  p a t t e r n ,  i n d i c a t i n g  t h a t  more than  one mode i s  
p resen t ,  t h e  gene ra l  shape of the f i e l d  i s  the same as t h a t  p r e d i c t e d  
by the  ana lys i s .  
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The temperature and e x c i t a t i o n  angle  of t h e  waveguide 
were subsequent ly  ad jus t ed  t o  provide pure second-mode ope ra t ion  
w i t h  a guide spacing of 31.6 microns (50A). 
i s  p l o t t e d  i n  Fig. 30, As i n  t he  fundamental-mode case,  t h e  p a t t e r n  
has the gene ra l  c h a r a c t e r i s t i c s  p red ic t ed  by the theory.  However, 
the value a t  the c e n t e r  ahould be a null, but  only a minimum was 
measured. T h i s  e f f e c t  is caused by t h e  photomul t ip l ie r ,  which has 
an  a p e r t u r e  of some ex ten t ,  and is an  in tens i ty- responding  device.  
Therefore t h e  depth of the m i n i m u m  could not be measured accura te ly .  
The noise  l e v e l  was aga in  approximately -22 db. The waveguide was 
then  ad jus t ed  so  t h a t  b o t h  t h e  f i r s t  and second modes propagated, i n  
a guide of 83.0 micron (131h) spacing, and the p a t t e r n  was measured 
(Fig,  31). The gene ra l  c h a r a c t e r i s t i c s  of t h e  p a t t e r n  aga in  agree 
w i t h  the theory.  The asymmetry i n  t h e  p a t t e r n  i s  a r e s u l t  of the 
v e c t o r  a d d i t i o n  of the f ie lds  of t h e  two modes. 

The measured p a t t e r n  

An at tempt  was made t o  observe and measure the r a d i a t i o n  
pa t te rn  for each of the three a p e r t u r e  d i s t r i b u t i o n s  above. Because 
of spur ious  l i g h t  t ransmission i n  the waveguide region, these 
observa t ions  were not p o s s i b l e  a t  tha t  time, However, observa t ions  
were made f o r  two cases  of i nd iv idua l  higher modes i n  a waveguide 
w i t h  65.5 micron ( 1 0 3 A )  spacing, 
propagated, t he  measured p a t t e r n  angle was 0.03 rad ians ,  t he  same 
as the  t h e o r e t i c a l  value,  When the e ighth  mode was propagated, t h e  
measured p a t t e r n  angle  was 0.08 rad ians ,  a l s o  t h e  t h e o r e t i c a l  value. 
These res i l t s  f u r t h e r  v e r i f y  that the guide i s  opera t ing  according 
t o  the  t h e o r e t i c a l  model assumed i n  t h e  ana lys i s .  

When only the t h i r d  mode was be ing  

2 . Short-Circuit-Bisected Die lec t r ic -Slab  Waveguide. 

Thiswaveguide conf igu ra t ion  was tes ted both f o r  mode 
e x c i t a t i o n  and for field p a t t e r n s  as descr ibed  above far the  a l l -  
d i e l e c t r i c  guide. The t h e o r e t i c a l  performance of t h i s  b i sec t ed  
waveguide, based on t h e  assumption of a p e r f e c t l y  conducting metal  
w a l l ,  is similar i n  some re spec t s  t o  the d i e l e c t r i c  guide, bu t  
d i f f e r s  i n  c e r t a i n  s i g n i f i c a n t  d e t a i l s .  A metal wall forms a mi r ro r  
and images some of the allowed modes, bu t  does not permit o the r s .  
To summarize b r i e f l y ,  every a l t e r n a t e  TM mode i s  permi t ted  starting 

vmg 
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w i t h  the TM-0 mode ( a l l  modes with even mode number rcm' t ) .  
o r d e r  TE mode i s  not  allowed, but all nodes w i t h  odd mode number "rn" 
a r e  permit ted.  The mode c h a r t  has the  same cu to f f  l i n e s  a s  t h a t  
f o r  t h e  d i e l e c t r i c  guide, bu t  represents  only half of t he  modes, 
Each l i n e  r ep resen t s  t h e  in t roduc t ion  of e i t h e r  a TE o r  TM mode, 
but  not both simultaneously a s  f o r  t h e  unbisec ted  guide. The width 
of t h e  waveguide on t h e  c h a r t  is  equal  t o  twice the a c t u a l  s e p a r a t i o n  
between t h e  metal s u r f a c e  and the  boundary. The TM modes are 
cha rac t e r i zed  by maximum e l e c t r i c  f i e l d  amplitude on the  metal  w a l l  
and the TE modes by ninimm e l e c t r i c  f i e l d  amplitude. 

The f i r s t  t e s t s  had a s  an  o b j e c t i v e  t h e  I d e n t i f i c a t i o n  of 
t h e  d i f f e r e n t  shapes f o r  t h e  TM and TE nodes, and t h e  v e r i f i c a t i o n  
of the d i f f e r e n t  cu tof f  condi t ions f o r  t h e  two types of modes. For 
t h e s e  tests t h e  waveguide tenperdture  was ad jus t ed  s o  t ha t  only the  
fundamental mode was supported, and t h e  e x c i t a t i o n  angle  W ~ S  ad jus t ed  
f o r  maximum output,,  The aper ture  d i s t r i b u t i o n  was then  measured f o r  
both t h e  TE and t h e  TM modes by changing t h e  inc iden t  p o l a r i z a t i o n  - 
Figs. 32 and 33 r e spec t ive ly .  Both p a t t e r n s  are i d e n t i c a l  w i th in  

The lowest 

experimental  accuracy, i n d i c a t i n g  t h a t  con t r a ry  t o  theory t h e  propa- 
g a t i o n  c h a r a c t e r i s t i c s  a r e  i d e n t i c a l  for the  two modes. 

opera t ion ,  and the  ape r tu re  d i s t r i b u t i o n  was measured f o r  both t h e  
TE and t h e  TM modes - Figs.  34 and 35 re spec t ive ly .  Both p a t t e r n s  
a r e  again,  cont ra ry  t o  theory, i d e n t i c a l  w i th in  experimental  accuracy. 
The f a c t  t h a t  both peaks a r e  not of equal  amplitude i n d i c a t e s  t h e  
presence of some fundamental mode, i n  a d d i t i o n  t o  t h e  d e s i r e d  second 
mode . 

The wave.mide was then ad jus t ed  t o  provide second-mode 

A d d i t i o n a l  t e s t s  were performed with g r e a t e r  d i f f e r e n c e  
i n  d i e l e c t r i c  cons tan t  and a d d i t i o n a l  TE and TM modes were observed, 
The main c h a r a c t e r i s t i c  t h a t  became evident  i n  all t h e  above t e s t s  
i s  t h a t  t h e  TE and TM modes were i d e n t i c a l  i n  shape and cu to f f  
c h a r a c t e r i s t i c s ,  and the re fo re  i n d i c a t e  a depar ture  of measured 
performance from t h e  t h e o r e t i c a l  model. A p re l iminary  a n a l y s i s  
suggests  t h a t  t h i s  depar ture  is oaused by ohmic l o s s e s  i n  t h e  metal  
sur face .  These l o s s e s  a r e  g rea t  enough t o  change t h e  phase of t h e  
r e f l e c t i o n  c o e f f i c i e n t  f o r  p a r a l l e l  p o l a r i z a t i o n  (TM waves ) from 
Oo t o  180 , thus  g iv ing  t h e  TM waves the same propagat ion  c h a r a c t e r -  0 
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i s t i c s  a s  TE waves. This type of behavior is o f t e n  exhibited a t  
microwaves and lower frequencies;  one example is propagat ion of a 
ground wave over the earth,which has a f i n i t e  conduct iv i ty .  Since 
t h i s  behavior depa r t s  from t h e  simple t h e o r e t i c a l  model assumed, 
further s tudy is planned t o  understand the propagat ion c h a r a c t e r i s t i c s  
f o r  a p p l i c a t i o n  t o  component design. 

3. Solid-Core, Liquid-Cladding Die lec t r ic -Slab  Waveguide. 

Preliminary observat ions were made with t h i s  conf igu ra t ion  
us ing  a glass core of good, but not con t ro l l ed ,  qual i ty:  no 
s p e c i f i c a t i o n s  were a v a i l a b l e  on the d i e l e c t r i c  cons tan t ,  the 
homogeneity, o r  the f l a t n e s s  of the  su r faces  de f in ing  the core-  
c ladding  i n t e r f a c e s .  The i n i t i a l  i n v e s t i g a t i o n  revea led  tha t  
i n d i v i d u a l  higher modes could be propagated i n  t h i s  guide; they  
appeared t o  have t h e  expected genera l  c h a r a c t e r i s t i c s .  

An at tempt  t o  a d j u s t  th i s  conf igu ra t ion  f o r  f’undamental- 
mode opera t ion ,  and measurement of the a p e r t u r e  d i s t r i b u t i o n  of 
the f i r s t  s e v e r a l  modes, i s  being deferred u n t i l  t h i n  glass sheets 
w i t h  c o n t r o l l e d  properties are rece ivedo  
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The p r o p e r t i e s  of o p t i c a l  d i e l e c t r i c  waveguide have been 
i n v e s t i g a t e d  f o r  t h e  case where the d i f f e r e n c e  i n  the d i e l e c t r i c  
c o n s t a n t s  o f  the core and cladding m a t e r i a l s  i s  extremely small. I n  
t h i s  Waveguide, single-mode operat ion may be obtained wi th  core 
dimensions of many wavelengths; thereby f a c i l i t a t i n g  the f a b r i c a t i o n  
of proposed microwave-type components. 

The propagation c h a r a c t e r i s t i c s  of t h e  waveguide have been 
analyzed using the conventional microwave technique of t r ansve r se  
resonance. From these  computations the v a r i a t i o n s  of t he  f i e l d  
i n t e n s i t i e s  f o r  the core and cladding reg ions  have been obtained. 
T h i s  approach a l s o  y i e l d s  t h e  cut-off condi t ions  which have been 
presented g raph ica l ly  i n  t h e  form of mode c h a r t s .  While t h e  a t tenua-  
t i o n  of t h i s  guide has been found t o  be high enough t o  preclude i t s  
use a s  a long d i s t a n c e  transmission l i n e ,  i t  is low enough so  t h a t  
l e n g t h s  of a few cent imeters ,  conta in ing  s e v e r a l  microwave-type 
components, a r e  considered f eas ib l e .  

s t u d i e d  t h e o r e t i c a l l y ;  both f o r  single-mode and multi-mode waveguides. 
It has been found t h a t  near ly  a l l  t he  power i n  an Inc ident  beam may 
be coupled i n t o  the  lower waveguide modes by s imple  focusing 
techniques.  

considered.  Throughout t h i s  work a d i s t i n c t i o n  has  been made between 
experimental  waveguides, containing a l i q u i d  d i e l e c t r i c ,  and more 
p r a c t i c a l ,  prototype waveguides which must be constructed e n t i r e l y  of 
s o l i d  d i e l e c t r i c s .  Fabr ica t ion  f e a s i b i l i t y  has been demonstrated by 
the opera t ion  of a labora tory  model and s u f f i c i e n t  design d a t a  has 
been obtained t o  permit t he  " e l e c t r i c a l "  design of a s o l i d  waveguide. 
However, the f a b r i c a t i o n  of an a l l  s o l i d  waveguide i s  complicated by 
t h e  t i g h t  to l e rances  required on the d i e l e c t r i c  cons tan ts  of the 
waveguide ma te r i a l s .  Fabr ica t ion  techniques a r e  being s tudied  and i t  
i s  bel ieved tha t  the f a b r i c a t i o n  of a s o l i d  waveguide i s  f e a s i b l e .  
Among the more promising techniques a r e  (1) vacuum depos i t i ng  of the 
cladding and ( 2 )  adjustment of t h e  d i e l e c t r i c  cons tan t  of a glass slab 
by phys ica l  o r  chemical changes. 

The problem of e f f i c i e n t  waveguide e x c i t a t i o n  has a l s o  been 

A number of techniques f o r  waveguide f a b r i c a t i o n  have been 

m@; 
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The experimental  program t o  date has cons i s t ed  of a study 
of f i e l d  d i s t r i b u t i o n s  and cut-off  condi t ions  f o r  s e v e r a l  configura-  
tions. The cut-off  condi t ions were determined by observing the 
highest  o rde r  mode which could propagate  f o r  a given core  th ickness  
and d i f f e r e n c e  i n  d i e l e c t r i c  constant .  The f i e l d  p l o t s  were obtained 
I n  a manner similar t o  the measurement of microwave antenna patterns,  
The waveguide ape r tu re  d i s t r i b u t i o n  was t r a n s f e r r e d  t o  a more 
a c c e s s i b l e  l o c a t i o n  by the focusing a c t i o n  of  a microscope. Then 
t h i s  f i e l d  d i s t r i b u t i o n  was scanned by a pho tomul t ip l i e r  w i t h  a small 
sampling aper ture .  A servo s y s t e m  l inked the scanning pho tomul t ip l i e r  
t o  a r eco rde r  which p l o t t e d  t h e  f i e l d  d i s t r i b u t i o n .  The r e s u l t s  of 
these measurements are i n  agreement w i t h  d i e l e c t r i c  waveguide theory. 
An i n t e r e s t i n g  result of these  experiments was the r e a l i z a t i o n  tha t  
a s h o r t - c i r c u i t - b i s e c t e d  waveguide a t  op t ica l  f requencies  does not  
e x h i b i t  the mode s t r u c t u r e  p red ic t ed  by assuming a perfect conductor 
a t  the b i s e c t i n g  plane.  It was found necessary t o  inc lude  the  e f f e c t  
of the m e t a l l i c  losses t o  exp la in  the observed modes. 

waveguide w i t h  macroscopic dimensions a t  o p t i c a l  f requencies  may be 
cons t ruc ted  and that  the performance of t h i s  waveguide fol lows 
t h e o r e t i c a l  p r e d i c t i o n s  . 

I n  genera l ,  t h i s  s tudy has demonstrated tha t  single-mode 
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Appendix I. Analysis of Propagation i n  D i e l e c t r i c  S lab  Waveguide by 
Transverse Resonance. 

The propagation c h a r a c t e r i s t i c s  of d i e l e c t r i c  s lab wave- 
guide can be determined e i ther  by a s o l u t i o n  of the f i e l d  equat ions i n  
t h i s  s t r u c t u r e  with app l i ca t ion  of the  appropr i a t e  boundary 
condi t ions ,  o r  by a t ransmission l l n e  type of a n a l y s i s .  This apgen- 
dix i n d i c a t e s  an a n a l y s i s  based on the t ransmission l i n e  techniqye of 
t r ansve r se  resonance (Ref. 6 ) .  The b a s i c  approach i s  t o  consider  the 
s t r u c t u r e  a s  a t ransmission l i n e  In the t r ansve r se  d i r e c t i o n  and set  
up the condi t ions  f o r  resonance on t h i s  l i n e ,  Ce r t a in  resonant 
condi t ions  i n  the t r ansve r se  d l r e c t i o n  correspond t o  real propagat ing 
modes i n  the l o n g i t u d i n a l  d i r e c t i o n  of the guide,  

The conf igura t ion  of the d i e l e c t r i c  slab waveguide is shown 
i n  Pig.  36(a). It c o n s i s t s  of a d i e l e c t r i c  s l a b  of r e l a t i v e  d i e l e c -  

s i d e s  by a d i e l e c t r i c  of r e l a t i v e  d i e l e c t r i c  constant ,  kz 
The t r ansve r se  waveguide equivalent  c i r c u i t  I s  shown I n  Pig. 36(b). 
It comprises  a t ransmission l i n e  o f  l ength  d, Impedance Z1, and 
propagat ion cons tan t  K1 with semi - in f in i t e  l i n e s  of impedance Z2 
propagat ion constant  E2 connected t o  each end a s  shown. 
condi t ion  i n  t h i s  waveguide e x i s t s  i f  t he  impedance a t  some re fe rence  
plane looking i n  one d i r e c t i o n  is equal  t o  the negat ive of the 
impedance a t  this same plane looking i n  the  o t h e r  d i r e c t i o n ,  that is ,  

.. t r i c  constant ,  kl, and width, d, (waveguide core)  bounded on both 
(c ladding) .  

and 
A resonant  

T h i s  equat lon can be solved d i r e c t l y  f o r  the equiva len t  c i r c u i t  
i nd ica t ed ;  however,because of the symmetry, the c i r c u i t  can be 
b i s e c t e d  wi th  an e l e c t r i c  wall ( s h o r t  c i r c u i t )  o r  a magnetic w a l l  
(open c i r c u i t )  i n  order  t o  s impl i fy  the  a n a l y s i s .  The r e s u l t i n g  
equ iva len t  c i r c u i t s  f o r  these  two cases  a r e  shown i n  Fig. 36(c)  and 
( d ) .  I n  order  t o  f i n d  a l l  bhe poss ib l e  modes of propagation, both the 
s h o r t  c i r c u i t  and open c i r c u i t  cases  must be solved, and the a n a l y s i s  
must be done f o r  both t ransverse  magnetic (TM) and t r ansve r se  
e l e c t r i c  (TE) modes. 
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Fig. 36 - Dielectric s l a b  wsveguide and equivaleflt, c i r c u i t s .  



Report 1209 Wheeler Laborator ies ,  Inc .  Page 76 

The wave impedances i n  the core and cladding regions of the 
t r a n s v e r s e  equiva len t  waveguide a r e  a s  follows. For the  TM modes, 

K, 

For the TE modes, 

w, 
2 2 = K 7  

wcLO z1 E - ;  

K1 

The method of a n a l y s i s  w i l l  be ind ica t ed  f o r  t h e  TM modes 
w i t h  s h o r t  c i r c u i t  b i s e c t i o n .  The o t h e r  cases  can be analyzed i n  an 
i d e n t i c a l  manner, and so only the  r e s u l t s  w i l l  be presented.  The 
impedances looking t o  the  r i g h t  and l e f t  a t  the  plane x = d/2 i n  
Fig.  36(c)  a r e  s u b s t i t u t e d  i n t o  equat ion ( 8 ) ;  

After s u b s t i t u t i o n  f o r  Z1 and Z2, this equat ion can be w r i t t e n  as ,  

where % has been replaced b y 4  1%l, s ince  t h i s  propagation cons tan t  
must be imaginary t o  ob ta in  a so lu t ion .  

i nc lude  the  propagation cons tan ts  i n  t h e  core and cladding, and the 
waveguide s i z e  : 

For s impl i c i ty ,  the  following parameters a r e  def ined,  which 

d 
= P ;  

Equation ( 1 2 )  above can now be 
parameters p and q a s  f o l l o w s :  

(13) 

( 1 4 )  

r e w r i t t e n  i n  terms of  t h e  new 
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T h i s  i s  one of the  bas ic  c h a r a c t e r i s t i c  equat ions f o r  t he  d i e l e c t r i c  
s l a b  waveguide. As derived above, i t  a p p l i e s  only t o  TM modes with a 
s h o r t  c i r c u i t  b i sec t ion .  However, f o r  the case of small Ak, t h e  
f a c t o r  kl/$ is very nea r ly  equal t o  un i ty  and can be neglected wi th-  
ou t  apprec iab le  e r r o r .  This equation is then i d e n t i c a l  t o  the 
equat ion  which would be obtained f o r  "E modes wi th  open c i r c u i t  
b i s e c t i o n .  The corresponding equat ions f o r  the TM open c i r c u i t  and 
TE s h o r t  c i r c u i t  b i s e c t i o n s  are i d e n t i c a l  t o  equation (15) i f  the 
tangent  func t ion  is replaced by the negat ive cotangent.  Since the 
tangent  and cotangent a r e  r e l a t e d  through a cons tan t  angle  d isp lace-  
ment i n  t h e  argument, a s i n g l e  equat ion can be w r i t t e n  t o  cover a l l  
cases:  

mrr 
p t a n  ( P  - = q . 

The value of  m i n  this  equat ion des igna te s  the p a r t i c u l a r  mode 
number, i . e . ,  TM-m or  TE-m mode. A value of m = 0 corresponds t o  
the fundamental mode (TM-0 o r  TE-0). 

The second c h a r a c t e r i s t i c  equat ion i s  obtained from the 
fol lowing r e l a t i o n s h i p s  between propagation cons tan ts :  

2 2 
= KO kl - K z 

3 3 9 5" = KoLk2 - KZ L 

These equat ions  can be combined and w r i t t e n  I n  terms of the p and q 
parameters def ined above t o  give the second c h a r a c t e r i s t i c  equation: 

Equations (16)  and (19 )  a r e  p l o t t e d  on p vs. q coord ina tes  i n  Fig.  37. 
These curves contain s u f f i c i e n t  information t o  completely spec i fy  t h e  
Propagation c h a r a c t e r i s t i c s  of a s l a b  waveguide. The i n t e r s e c t i o n s  of 
the curves given by equat ions (16)  and (19)  determine the v a l u e s  of 
p and q which simultaneously s a t i s f y  both equations,  and hence s a t i s f y  
the condi t ions  f o r  propagation. The condi t ions  f o r  mode cu to f f  can be 
r e a d i l y  obtained from these  curves. For a guide t o  support  

mYb 
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Fig. 37 - C h a r a c t e r i s t i c  p vs.  q curves for d i e l e c t r i c  slab waveguide. 
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propagation i n  TM-m and TE-m modes and lower, the curves must i n t e r -  
s e c t  i n  a t  l e a s t  m + 1 places  ( s i n c e  m = 0 corresponds t o  the  lowest 
modes).  Conversely, i f  we wish t o  r e s t r i c t  propagation t o  only '"4-m 
and TE-m modes and lower, the curves must i n t e r s e c t  i n  only m + 1 
places .  This r e q u i r e s  

o r  r e w r i t i n g  i n  terms of free space wavelength, A, 

. 
For a s i n g l e  mode guide, therefore ,  t he  parameter (db)m 
must be less than I,&. 

func t ions  of the  t r ansve r se  propagation cons t an t s  i n  the r e spec t ive  
reg ions .  Therefore , the f i e l d  d i s t r i b u t i o n  can be w r i t t e n  i n  terms of 
p and q parameters. Expressions f o r  the f i e l d s  i n  the core  and 
c ladding  reg ions  f o r  both TM and TE modes a r e  given i n  Table 111. 
These expressions a r e  w r i t t e n  i n  terms of the p and q parameters, a 
wave impedance which depends on the  p a r t i c u l a r  f i e l d  component and a 
f a c t o r ,  A. 
i n  the guide, and t h e  waveguide propagat ion fac tor ,exp  - S Z  exp j w t J  

which i s  t h e  same f o r  a l l  the f ie lds .  A l l  of these f a c t o r s  are 
e s s e n t i a l l y  independent of t h e  waveguide parameters f o r  the case  
of small Ak, except f o r  t he  func t ions  of p and q,  Therefore, 
t hese  parameters determine t h e  f i e l d  d i s t r i b u t i o n s  almost exc lus ive ly .  
A p l o t  of the t r ansve r se  f ie lds  of t h e  two lowest o r d e r  modes i n  
slab Waveguide i s  shown i n  Sec t ion  111, f o r  s e v e r a l  d i f f e r e n t  
ope ra t ing  condi t ions .  The values of p and q a t  these ope ra t ing  
p o i n t s  are ind ica t ed  on t h e  curves of Fig,  37, 

The f i e l d  s t r e n g t h s  i n  the waveguide core and cladding a r e  

A conta ins  a f a c t o r  Am, r e l a t e d  t o  the abso lu te  f i e lds  

* 

The d i spe r s ion  p rope r t i e s  of the waveguide are the va r i a -  
t i o n s  of propagation cons tan t  with frequency and waveguide dimensions. 
The v a r i a t i o n  of guide wavelength with f ree  space wavelength i s  a 
common way of expressing the  d ispers ion .  Gu ide  wavelength i s  r e l a t e d  
to the propagation cons tan ts  a s  follows: 
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FIELDS IN CORE 

H3 

*X 

Z 
E 

% - A C O S  ( 2px 

E, = -A Zz cos 
1 

EZ = -jA Z1 sin 

A cos bm exp - 

-A Z 
z2 

cos 

s i n  

EY 

HX 

HZ 

2px - X )  
2 = A' COS ( 

= A *  Z 

= -jA1 Z1 s i n  (F - y) 
cos (+ 2 x - m A  T )  

z1 

PlELDS IN CLADDING 

E Y 

Hx 

HZ 

= A' COS 

= A' Z 
z2 

= - j A 1  Z2 cos bm exp - q(&) x-d 2 

A = A exp - j KZz exp j w t  

A '  = A; exp - j KZz exp jwt 

rn 

Table I11 - Expressions f o r  f i e l d  components i n  d i e l e c t r i c  s l a b  
waveguide. 
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K,D, can be wr i t t en  i n  terms of the p and q parameters; 

This expression can be w r i t t e n  i n  many forms t o  f ind  the v a r i a t i o n  
w i t h  p a r t i c u l a r  waveguide parameters.  The v a r i a t i o n  of guide wave- 
length ( A b  ) Is p l o t t e d  a s  a func t ion  of the  guide wid th  i n  wave- 
l eng ths  ( d / h )  In Sect ion  111 of t h i s  r e p o r t .  

t3 

. 


